Reproduced  by  Hie 

ClIAft  INGHOUSI 
(or  Federal  Scientific  &  Technical 
Information  Sprinphefd  Ve.  22ISI 


Bulletin  50b 

Bureau  of  Mines 


LIMITS  OF  FLAMMABILITY  OF 
GASES  AND  VAPORS 

BY  H.  F.  COWARD  AND  G.  W.  JONES 


UNITED  STATES  GOVERNMENT  PRINTING  OFFICE,  WASHINGTON  :  1952 


I 


UNITED  STATES  DEPARTMENT  OF  THE  INTERIOR 

Oscar  L.  Chapman,  Secretary 

BUREAU  OF  MINES 

j.  I.  Forbes,  Director 


'  1  ‘ttrv  (*■' 

1  ■■  :  •»  - 


.  •n  ’l't. ■•••!» 

n  ( /i)  i 


FOREWORD 


This  bulletin  is  the  fourth  edition  of  one  of  a  series  of  publications  issued 
as  a  result  of  cooperation  between  the  Safety  in  Mines  Research  Board  of  Great 
Britain  and  the  Bureau  of  Mines,  United  States  Department  of  the  Interior. 
Under  this  cooperative  arrangement,  begun  in  1924,  the  exchange  of  personnel 
and  data  permitted  intensive  investigation  of  specific  problems  dealing  with  the 
prevention  or  abatement  of  accidents  in  mines.  The  determination  of  con¬ 
stants  such  as  the  limits  of  flammability  and  explosibility  of  gases  and  dusts 
encountered  in  mines  and  the  mineral  industries  was  part  of  the  cooperative 
program. 

Dr.  H.  F.  Coward,  of  Sheffield,  England,  was  detailed  by  the  British 
Safety  in  Mines  Research  Beard  in  April  1925  to  the  experiment  station  of  the 
Bureau  of  Mines  at  Pittsburgh,  Pa.,  to  make  a  cooperative  study  of  certain 
chemical  and  physical  factors  connected  with  the  initiation  and  propagation 
of  flame  in  different  gases  under  various  conditions.  G.  V7.  Jones,  of  the 
Bureau  of  Mines,  was  detailed  to  work  in  association  with  Dr.  Coward. 

A  knowledge  of  the  limits  of  flammability  of  methane  and  of  the  distilla¬ 
tion  products  of  coal  in  air  and  in  partly  vitiated  atmosphere  is  of  fundamental 
importance  in  the  study  and  prevention  of  mine  explosions.  Likewise,  a 
knowledge  of  the  flammable  limits  of  gasoline  and  benzol  vapors,  natural  and 
manufactured  gas,  blast-furnace  gas,  hydrogen,  acetylene,  and  many  oilier 

fjases  is  of  equal  importance  in  preventing  gas  explosions  and  fires  in  the  metal- 
urgical,  petroleum,  gas-manufacturing,  and  related  industries. 

Substances  that  a  short  time  ago  were  found  infrequently,  even  in  the 
laboratory,  are  being  used  on  a  large  scale  us  anesthetics,  insecticides,  solvents 
for  lacquers  and  resins,  etc.,  and  some  of  them  form  dangerously  explosive 
mixtures  with  air.  The  importance  of  such  data  is  shown  by  the  increasingly 
frequent  inquiries  received  by  the  Bureau  of  Mines  for  information  on  the 
limits  of  flammability  of  various  gases  and  vapors  when  mixed  with  air  or 
other  “atmosphere."  Data  on  limits  are  widely  scattered  in  the  literature, 
and  many  of  the  figures  seem  contradictory.  In  the  following  .  ages  they  have 
been  arranged,  coordinated,  ami  critically  reviewed.  The  opportunity  has 
been  taken  to  include  a  number  of  results  that  have  not  hitherto  been  published. 
There  are  now  155  substances  m  the  summary  of  flammability  limits  in  air 
and  in  oxygen  os  against  20  in  the  first  edition. 

A.  C.  Fifxdneh, 

Ckitj  Fuels  Technologist. 
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PART  I.  DETERMINATION  OF  LIMITS 


DEFINITIONS 

,4  FLAMMABLE  mixture  of  gases,  such  ns 
methane  and  air,  may  he  diluted  with 
one  of  its  const  intents  or  with  other  pise 
until  it  is  no  longer  (lantmahle.  TTn*  dilution 
limit  of  ihuninability,  or  simply  the  limit  of  llam- 
mahility,  is  the  borderline  composition;  a  slight 
change  in  one  direction  product's  a  (lantmahle 
mixture,  in  the  other  direction  a  nonflammable 
luixt  tire. 

There  are  clearly  two  limits  of  flammability, 
a  lower  and  a  higher,  for  each  pair  of  so-called 
combustible  gases  and  supporters  of  combustion. 
The  lower  limit  corresponds  to  the  minimum 
amount  of  combustible  gas  and  the  higher  or 
upper  limit  to  the  maximum  amount  (,f  com¬ 
bustible  gas  enpr.hle  of  conferring  flammability 
on  the  mixture.  For  example,  for  methane- 
c.ir  mixtures  these  limits  under  normal  condi¬ 
tions  ure  approximately  5  and  14  percent 
methane,  respectively.  Mixtures  within  tic  sc 
limits  liberate  enough  energy  on  combustion 
of  any  one  layer  to  ignite  the  neighboring  layer 
of  tttihurned  gas  and  are  therefore  capable  of 
self-propagation  of  flame;  others  are  not. 
Mixtures  richer  than  14  percent  methane, 
however,  may  burn  on  contact  with  external 
air,  for  mixtures  tin  t  <  mtain  less  if  hi  14  per¬ 
cent  methane  arc  fo  a  in  the  zone  where  the 
gases  mingle. 

The  experimental  determinate  a  of  limits  of 
flammability  is  more  difficult  than  may  he 
expected,  as  is  shown  by  the  contradictory 
figures  reported  from  time  to  time.  This  bull*'- 
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tin  presents  the  results  of  a  critical  review  of  all 
figures  published  on  the  limits  of  flammability 
of  combustible  gases  and  vapors  when  admixed 
with  air,  oxygen,  or  other  “atmosphere.’’  Sus¬ 
pended  dusts  and  liquid  mists  are  not  consid¬ 
ered,  except  in  one  or  two  instances  in  which 
direct  comparison  can  he  made  with  vapors. 

CONDITIONS  FOR  PROPAGATION  OF  FLAME 
IN  MIXTURES  OF  GASES 

SOURCE  OF  IGNITION 

When  n  source  of  heat  of  sufficient  size  and 
intensity  is  introduced  into  a  weak  mixture, 
some  combust  ion  occurs,  even  when  the  mix¬ 
ture  is  incapable  of  self-propagation  of  flume. 
This  is  often  visible  as  a  “cap'1  of  flume,  which 
may  he  large  if  the  source  of  heat  is  ample. 
The  flame  cap  may  he  fixed  in  relative  position 
to  the  source  of  ignition,  us  in  a  miner’s  flame 
lamp  burning  in  a  gussv  atmosphere,  or  may 
become  detached  from  the  source  uml  float  for 
a  limited  distance  in  u  moving  atmosphere,  or 
may  travel  away  2  or  d  foot  from  an  initiating 
spark  or  flame  in  a  still  atmosphere  (£S6)r 
Such  flames  are  not  self-propagating,  as  they 
are  extinguished  when  the  influence  of  the  source 
of  ignition  is  iost. 

When  a  weak  source  of  ignition  is  employed, 
some  flammable  mixtures,  especially  those  near 
the  limits,  may  not  inflame.  The  source  ol 
ignition  is  not  strong  enough  to  be  satisfactory 
for  the  test. 

As  the  test  concerns  the  capability  of  the 
mixture  to  propagate  llame.  not  the  capacity 
of  the  soutee  of  energy  to  initiate  flame,  it  18 
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axiomatic  that  the  limits  are  unaffected  by 
variations  in  the  nature  and  strength  of  the 
source  of  ignition.  When  statements  are  made 
that  limits  vary  according  to  the  means  of 
ignition,  it  is  clear  that  the  observers  used 
either  such  strong  sources  of  ignition  that  the 
caps  of  flame  gave  the  appearance  of  general 
inflammation  or  such  wealc  sources  that  flame 
was  not  started  in  mixtures  which  were,  in  fact, 
flammable.  Under  these  conditions  they  were 
determining  the  limits  of  ignitibility  by  the 

[larticular  sources  of  ignition  they  used,  net  the 
imits  of  flammability  of  the  mixture  itself 
(6S,  227). 

DIRECTION  OF  FLAME  PROPAGATION 

When  a  source  of  ignition,  such  as  an  electric 
spark  or  a  flame,  is  introduced  into  a  flammable 
mixture,  flame  tends  to  travel  away  from  the 
source  in  all  directions.  In  a  very  large  volume 
of  mixture  the  form  of  the  zone  of  combustion 
would  be  a  spherical  shell  of  increasing  radius 
were  it  not  that  the  hot  expanded  products  of 
combustion  tend  to  rise  ana  hence  to  introduce 
convection  currents.  Flame  cannot  travel 
downward  when  the  upward  movement  of  the 
gases,  due  to  convection,  is  faster  than  the 
speed  of  flame  in  a  still  mixture,  as  happens  in 
weak  mixtures  near  the  limits  of  flammability. 
Hence,  near  each  limit  there  is  a  range  of  mix¬ 
tures  that  will  propagate  flame  upward  but  not 
downward.  Tnese  may  correctly  be  termed 
“flammable  mixtures,”  a'  it  is  only  necessary 
to  ignite  them  near  their  lower  confines  to 
observe  self-propagating  flame  traveling  to  the 
higher  confines.  The  gentle  convection  current 
set  up  by  the  flame  increases  the  apparent 
speed  of  name  but.  as  far  as  is  known,  does  not 
enable  flame  to  travel  when  in  the  absence  of 
convection  effects  it  would  not  be  propagated 
(65).  It  seems  correct,  therefore,  to  observe 
upward  propagating  flames  when  defining  the 
limits  of  flammability  of  gas  mixtures;  but,  for 
some  purposes,  it  is  desirable  to  know  the  limits 
of  flammability  for  propagation  of  flame  in 
other  directions  (S3).  Such  limits  when  de¬ 
termined  are  included  in  the  experimental 
results  given  in  this  bulletin. 

For  safety  in  industrial  operations  it  is 
generally  wisest  to  consider  the  limits  foi  uj>- 
ward  propagation  as  the  danger  line,  since 
these  limits  are  wider  than  those  for  horizontal 
or  downward  propagation  of  flame. 

DIAMETER  CF  VESSEL 

The  propagation  of  flame  depends  upon  the 
transfer  of  energy  from  the  burned  to  the 
neighboring  unbumed  gas,  and  in  a  limit  mix¬ 
ture  the  amount  of  energy  available  for  transfer 
is  only  just  enough  to  maintain  flame  propa¬ 
gation;  therefore,  anything  that  reduces  the 


available  energy  will  affect  the  limits.  Hence, 
it  is  necessary  to  make  observations  in  vessels 
wide  enough  that  the  effect  of  cooling  by  their 
walls  is  negligible. 

The  observed  limits  of  flammability  are 
almost  always  widened  as  tube  diameter  is 
increased,  rapidly  at  first  and  more  slowly 
afterward,  so  that  increase  of  diameter  above 
5  cm.  rarely  shows  more  than  a  few  tenths  of 
1  percent  increase  in  the  range  of  flammability; 
many  examples  of  this  may  be  found  in  the 
tabulated  results  in  the  following  pages,  hut 
there  are  a  few  notable  exceptions.  For 
example,  while  the  higher  limit  (downward  or 
horizontal  propagation  of  flame)  of  acetylene- 
air  mixtures  is  much  increased  by  enlarging 
the  *  'Uiicter  of  the  vessel  beyond  5  cm.,  the 
higher  limits  (upward  propagation  of  flame) 
of  hexane  and  ethylene  are  nine!)  reduced. 
Moreover,  the  abnormal  “cool  flame"  in  higher- 
limit  acetone-air  mixtures  appears  to  be  able 
to  travel  upward  in  certain  mixtures  in  a 
2.5-cm.  tube  but  not  in  5-  or  7.5-cm.  tubes. 
With  few  exceptions,  however,  the  genera! 
rule  holds. 

LENGTH  OF  VESSEL 

When  flame  travels  from  the  open  end  of  a 
tube  toward  the  closed  end,  its  speed  is  uniform 
over  a  distance  that  depends  on  the  composi¬ 
tion  of  the  mixture  and  the  dimensions  of  the 
tube;  the  inflammation  of  one  layer  of  gas  re¬ 
peats  the  inflammation  of  any  other  layer  in 
the  “uniform  movement"  of  flame.  Sooner  or 
later  vibratory  movement  of  the  flame  may  re¬ 
place  the  uniform  movement  ;  hut  this  is  rarely 
observed  in  limit  mixtures.  When  it  has  hap¬ 
pened,  however,  the  simple  expedient  of  hold¬ 
ing  a  pad  of  cotton  wool  loosely  against,  the 
open  end  of  the  tube  has  suppressed  any  tend¬ 
ency  to  vibration  without  sensibly  hindering 
maintenance  of  constant  pressure  conditions. 
The  flame  then  travels  throughout  the  tube  at 
uniform  speed;  and  variation  in  length  of  the 
tube,  provided  it  is  long  enough  (say,  4  feet) 
for  the  initial  impulse  of  the  source  of  ignition 
to  be  dissipated,  has  no  effect  on  the  limits 
observed  therein. 

In  experiments  with  closed  tubes,  however, 
it  is  untrue  that  the  length  of  tube  does  not 
affect  the  results.  The  longer  the  tube  the 
smaller  must  he  the  pressure  attained  during 
propagation  of  a  limit  ilanic,  because  in  longer 
tubes  the  gases  behind  the  flame  have  time  to 
cool  more  before  the  flame  reaches  the  end  of 
it*  journey,  Schutzonberger  (SOS)  showed  long 
ago  that  the  observed  limits  in  closed  tubes  are 
affected  by  the  length  of  tube.  In  experiments 
with  mixtures  of  10  percent  hydrogen  and  90 
percent  oxygen  he  found  that  there  was  “a 
maximum  length  of  column  of  gas,  beyond 
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which  flame  is  propagated  only  a  short  way 
from  the  spark,  whilst  it  can  be  propagated  for 
lesser  lengths”  (of  column  of  gas).  An  elab¬ 
orate  experimental  study  has  confirmed  and 
extended  these  observations  {322) . 

EFFECT  OF  SHALL  CHANGES  IN  ATMOSPHERIC 
COMPOSITION 

Humidity. — Some  gas  mixtures  arc  exceed¬ 
ingly  difficult  to  ignite  if  they  have  been  dried 
by  long-continued  contact  with  phosphorus 
pentoxide.  Such  a  degree  of  dryness  is  peculiar 
to  the  laboratory  and  is  not  considered  in  the 
present  review. 

Limits  have  sometimes  been  determined  with 
roughly  dried  mixtures  in  which  the  partial 
pressure  of  water  vapor  is  less  than  1  mm., 
sometimes  with  mixtures  saturated  with  water 
vapor  at  the  temperature  of  the  laboratory. 
The  condition  of  humidity  has  not  always  been 
stated,  perhaps  because  it  has  been  assumed  to 
be  negligible.  Probably  the  difference  is  ap¬ 
preciable  for  most  gases  only  in  exact  work. 
Thus,  the  lower  limit  of  methane  in  air,  in  cer¬ 
tain  comparative  experiments,  was  found  to  be 
5.24  percent  for  a  mixture  dried  by  calcium 
chloride  and  5.22  percent  for  one  saturated 
with  water  vapor  at  laboratory  temperature. 
These  are  actual  percentages  and  are  equal 
within  experimental  error;  but,  as  usually  re¬ 
ported  from  analyses  calculated  on  a  dry  basis, 
they  appear  as  5.24  and  5.3.1  percent,  respec¬ 
tively.  For  methane,  therefore,  the  true  lower 
limit  is  not  appreciably  affected  by  the  replace¬ 
ment  of  about  2  percent  of  air  by  an  equal 
volume  of  water  vapor.  The  higher  limit,  how¬ 
ever,  is  reduced  by  such  a  replacement.,  because 
the  oxygen  content,  which  is  less  than  the 
uniount  reouiml  to  burn  the  methane  com¬ 
pletely,  is  thereby  reduced.  For  example,  the 
corresponding  higher  limits  for  methane  in  dry 
and  in  saturated  air  are  14.02  and  13.54  per¬ 
cent,  respectively;  expressed  on  a  dry  basis  (as 
reported  analytically)  these  figures  become 
14.02  and  13.80  percent,  respectively  (63). 

Carbon  monoxide  shows  greater  differences 
than  methane.  The  lower  limit  of  carbon 
monoxide  in  air  saturated  with  water  vapor 
at  lalvoratory  temperature  was  13.1  percent 
for  upward  propagation  of  flame  in  a  2-inch 
tube;  if  the  gases  were  dried  by  passage  over 
calcium  chloride,  the  lower  limit  become  15.9 
percent  (70).  Such  a  large  difference  is  excep¬ 
tional,  perhaps  unique,  as  moderate  drying 
of  carbon  monoxide-iur  mixtures  affects  their 
ignition  temperatures  and  flame  speeds  more 
than  it  affects  these  properties  of  any  other 
gas  hitherto  examined. 

Oxygen  Content. — The  lower  limit  of  meth¬ 
ane-air  mixtures  and  of  some,  probably  all, 
other  mixtures  is  not  appreciably  affected  by 


small  changes  in  the  oxygen  content  of  the  air. 
The  higher  limit  is  noticeably  depressed  by  a 
small  reduction  in  oxygen  content,  because  a 
corresp  ndingly  smaller  amount  of  the  com¬ 
bustible  gas  can  bum.  Thus,  reduction  of 
the  ox  gen  content  of  the  air  from  20.9  to  20.6 
percent  depressed  the  higher  limit  of  me  thane 
about  0.3  percent.  (See  fig.  20.) 

PRESSURE 

The  normal  variations  of  atmospheric  pres¬ 
sure  do  not  appreciably  affect  the  limits  of 
flammability,  as  has  been  shown  both  by 
direct  observation  and  by  deduction  from  the 
course  of  curves  showing  the  variation  of  limits 
over  much  wider  variations  of  pressure  than 
those  of  the  atmosphere  (14,  17,  95,  164, 
235,309). 

The  effect  of  larger  variations  in  pressure  is 
neither  simple  nor  uniform  but  is  specific  for 
each  flammable  mixture.  So  far  as  is  known, 
reduction  in  pressure  below  760  mm.  generally 
narrows  the  range  of  flammability  by  raising 
the  lower  limit  and  decreasing  the  higher 
limit.  This  change  is  often  imperceptible  for 
the  first  few  hundred  millimeters’  fall  in  pressure 
below  atmospheric,  but  thereafter  the  effect 
increases  until  at  a  suitably  low  pressure  the 
limits  coincide;  below  this  point  no  mixture 
can  propagate  flame  (66,  171a,  ISO). 

The  limiting  pressure  is  somewhat  difficult 
to  find,  because  often  it  is  so  low  that  the 
difficulty  of  insuring  a  powerful  enough  source 
of  ignition  has  not  certainly  been  overcome. 
For  example,  in  electrolytic  gas  a  flame  that 
filled  a  570-cc.  globe  has  been  produced  at 
5  nun.  pressure,  and  with  the  same  mixture 
flame  traveled  through  a  cylinder  2  meters 
long  at  8  mm.  pressure  (66).  At  such  pressures 
the  electric  discharge  used  to  test  the  flam¬ 
mability  was  diffuse  and  if  made  stronger 
might  nave  produced  self-propagating  flames 
at  still  lower  pressures,  tor  tins  reason  the 
rate  at  which  the  lower-  and  higher-limit 
curves  approach  one  another  as  the  pressure 
is  decreased  will  appear  u>  depend  on  the 
strength  of  the  source  of  ignition,  unless  the 
source  is  carefully  made  «irong  enough  to 
insure  ignition  and  the  vessel  used  is  large 
enough  for  the  flame  to  travel  such  a  distance 
from  the  source  as  will  enable  observers  to  see 
whether  the  mixture  is  capable  of  seif-propa¬ 
gation  of  flame.  This  has  not  been  done,  so 
the  course  of  limit  curves  at  very  low  pressures 
is  unknown,  hi  attempting  to  discover  the 
course  of  such  curves,  the  difficulty  of  main¬ 
taining  constant  pressure  during  the  inflam¬ 
mation  will  have  to  be  surmounted.  However, 
it  is  almost  certain  that  whatever  may  Is*  the 
exact  course  of  the  curves  they  do  approach 
and  ultimately  meet  as  the  pressure  is  decreased. 
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Increase  of  pressure  above  that  of  the  at¬ 
mosphere  does  not  always  widen  the  limits. 
On  the  contrary,  the  range  of  flammability  ol 
some  mixtures  is  narrowred  by  increase  of 
ressure,  so  that  a  mixture  that  can  propagate 
ame  at  atmospheric  pressure  may  not  be  able 
to  do  so  at  higher  pressures.  For  such  mix¬ 
tures  the  lower  limit  may  pass  through  a  mini¬ 
mum  and  the  higher  limit  through  a  maximum 
at  pressures  (not  necessarily  the  same)  equal 
to  or  greater  than  that  of  the  atmosphere  (277, 
824)  •  Details  are  given  in  the  paragraphs  on 
the  effect  of  pressure  on  the  individual  mix¬ 
tures,  more  especially  those  of  air  with  hydrogen, 
carbon  monoxide,  the  simpler  paraffin  hydro¬ 
carbons,  natural  gas,  and  ethylene. 

Attention  may  be  called  to  the  observations 
that  the  range  of  flammability  of  hydrogen-air 
and  carbon  monoxide-air  mixtures  (downward 
propagation  of  flame)  is  narrowed  at  both 
limits  by  moderate  increases  of  pressure  alxive 
atmospheric  and  that  under  the  same  conditions 
tiie  range  of  each  of  the  gases  of  the  paraffin 
series,  with  air,  is  narrowed  at  the  lower-limit 
side  (by  moderate  increase  of  pressure  beyond 
a  certain  critic,  1  value)  but  widened  at  the 
higher-limit  side.  H  has  been  suggested  that 
the  loss  of  heat  b  convection  is  greater  at  high 
pressures  than  at  low,  as  density  differences  are 
greater  at  high  pressures,  therefore  that  the 
range  should  Tie  nanowed  at  both  limits  when 
flame  is  traveling  downward.  This  uld  ex¬ 
plain  the  results  for  hydrogen  (both  limits, 
moderate  pressures),  carbon  monoxide  (both 
limits,  all  pressures),  and  the  paruilin  guses 
(low  limit  only,  moderate  pressures).  Super¬ 
posed  on  this  effect  is  another,  however.  Ac¬ 
cording  to  the  law  of  mass  action,  and  assuming 
complete  oxidation  in  one  stage,  the  rate  of 
reaction  ut  constant  temperature  is  greatest  in 
methane-air  mixtures  when  IMA  percent  meth¬ 
ane  is  present  The  mass-action  effect  be¬ 
comes  a  more  important  factor  us  the  pressure 
is  raised  and  hence  tends  to  raise  tiie  higher 
limit  in  methane-air  mixtures  with  increase  of 

[) ressure.  A  similar  explanation  may  be  given 
or  higher-limit  curves  of  the  other  paraffin 
hydrocarbons.  For  hydrogen  and  carlam  mon¬ 
oxide,  however,  the  mass-action  law  indicates 
that  the  66. 7-percent  mixture  has  the  greatest 
rate  of  reaction  at  constant  temperature.  As 
the  higher  limit  of  each  of  tiles*'  gases  is  alxive 
66.7  percent,  the  effect  of  mars  action  would 
not  tend  to  reverse  the  effect  of  convection 
(277).  The  more  recently  discovered  rise  in 
the  higher  limit  of  hydrogen  at  pressures  from 
10  to  220  atmospheres  calls  for  explanation 
along  other  lines  (l 4,  17). 

The  foregoing  argument  c.n  the  influence  of 
convection  on  the  limits  of  flammability  was 
applied  to  results  of  experiments  on  downward 


propagation  of  flame.  The  argument  was  sup¬ 
ported  by  the  discovery  that  for  horizontal 
propagation,  in  which  tne  flames  could  not  be 
retarded  by  convection  and  might  ever,  be 
assisted,  the  lower  limit  of  methane  in  air  re¬ 
mained  unaltered  between  760  and  5,000  mm. 
pressure,  and  the  higher  limit  was  increased 
even  more  than  for  downward  propagation 
(277). 

With  only  one  exception  known  to  the  writers 
(104),  *dl  measurements  of  limits  at  pressures 
above  or  below  atmospheric  have  been  made  in 
closed  vessels,  hence  the  results  relate  to  pres¬ 
sures  that  increased  at  an  unknown  rate  and 
to  an  unknown  amount  during  the  experiment. 
The  rate  and  amount  would  vary  with  the  sizo 
and  shape  of  the  container. 

The  same  criticism  applies  to  experiments  in 
closed  vessels  when  the  pressure  is  initially 
atmospheric;  the  results  obtained  are  a  function 
of  the  length  of  the  vessels  used,  as  this  governs, 
in  part,  the  rate  and  amount  of  pressure 
development  (63) . 

TEMPERATURE 

To  propagate  flame,  the  layer  of  unhurned 
gas  next  to  the  burning  layer  must  be  brought 
to  such  a  temperature  that  it  will  “hurst  into 
flame”  r»y:d!y.  If  the  unhurned  gus  is  already 
at  a  temperature  above  that,  of  the  laboratory, 
less  heat  has  to  be  supplied  from  the  burning 
layer;  therefore  the  lower  limit  should  hi1  de¬ 
creased  by  increase  of  initial  temperature  and 
the  higher  limit  should  he  increased.  In  other 
words,  the  range  of  flammability  should  be 
widened  at  both  limits  by  increase  of  temper¬ 
ature. 

Experiment  has  shown  that,  for  most  mixtures, 
there  is  a  straight -line  relation  between  the  limit 
of  flammability  and  the  initial  temperature  of 
the  mixture  (858).  This  relation  was  obscured 
in  earlier  experiments  by  errors  due  to  slow 
combustion,  which  changed  the  comjtosition  of 
tiie  mixture  while  it  was  in  the  heated  vessel 
and  before  it  was  tested  by  sparking.  The 
same  error  presumably  explains  those  results 
in  which  a  widening  of  the  range  of  flamma¬ 
bility  was  not  observed. 

Ordinary  variations  of  laixtralorv  tempera¬ 
ture  have  no  appreciable  effect  on  limits  of 
flammability. 

TURBULENCE 

Few-  olrser  vat  ions  have  been  made  on  t  he 
effect  of  turbulence  on  limits  of  flammability, 
but  it  has  in-on  shown  that  the  lower  limits  of 
methane  and  ethane  in  air  are  reduced  some¬ 
what  by  a  suitable  amount  of  turbulence  pro¬ 
duced  either  by  a  fan  or  by  stream  movement 
of  tbe  mixture  and  that  the  range  of  flarnma- 
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bility  of  etber-air  mixtures  is  somewhat  widened 
by  stream  movements. 

Turbulence  caused  by  fans  or  by  the  detona¬ 
tion  of  explosives  affects  the  lower  limit  of 
natural  gas  somewhat.  (See  the  paragraphs 
that  deal  with  these  mixtures.) 

LIMITS  IN  AIR  COMPARED  WITH  LIMITS  IN  OXYGEN 

In  general,  the  lower  limit  cf  a  gas  is  nearly 
the  same  in  oxygen  as  in  air,  but  very  few 
strictly  comparable  results  are  available  to 
show  whether  small  differences  exist.  The 
lower  limit  of  methane,  observed  with  central 
ignition  in  a  globe  or  with  downward  propaga¬ 
tion  of  flame  in  a  tube,  is  rather  higher  in  oxygen 
than  in  air  (267,  271),  presumably  because  the 
mean  molecular  heat  of  oxygen  is  higher  than 
that  of  nitrogen  between  room  temperature 
and  that  of  a  limit  flame,  say,  1,200°  to  1,400° 
C.  For  upward  or  horizontal  propagation  the 
lower  limit  of  methane  is  slightly  less  in  oxygen 
than  in  air;  the  ammonia  limit  is  markedly  less 
(271).  The  higher  limits  of  all  flammable  gases 
are  much  greater  in  oxygen  than  in  air;  hence 
the  range  of  flammability  is  always  greater  in 
oxygen. 

EFFECT  OF  CHEMICALLY  INERT  SUBSTANCES 

The  addition  of  increasing  amounts  of  a 
chemically  inert  substance  to  the  atmosphere 
causes  the  limits  of  a  gas  to  approach  and  ulti¬ 
mately  to  meet.  Many  examples  can  be  found 
in  the  following  pages,  but  the  most  complete 
series  available  is  for  methane  limits,  ies  illus¬ 
trated  in  figures  24  and  25).  The  extinctive 
efficacies  of  the  five  diluents,  carbon  tetra¬ 
chloride,  carbon  dioxide,  nitrogen,  helium,  and 
argon,  decrease  in  the  order  given,  that  is 

Cl ,  >CO  5  >  N ,  >  H  o  ">  A . 

The  experiments  giving  these  lesults  were 
carried  out  in  tubes  of  ">  cm.  diameter.  In  tubes 
of  2.2  cm.  diameter  the  order  of  the  last  four 
diluents,  for  several  combustibles,  is  [S.)l ) : 

CO,>lle>N,>A.  • 

in  still  narrower  tubes,  1 .7  and  1 .0  cm.  diameter, 
the  order  is  (1  3  S3) : 

He'  •CUj>N,>A. 

It  will  lie  seen  that  the  order  CO,>N}>A  is 
the  same  in  all  experiments.  Suit  that  helium 
tends  to  line  in  efficacy  as  the  diameter  of  the 
tube  in  which  the  experiments  are  made  de¬ 
creases.  The  effects  of  carbon  tetrachloride, 
cartsui  dioxide,  water  vapor,  nitrogen,  and 
argon  correspond  closely  with  their  specific 
heals,  but  the  very  high  thermal  conductivity 
of  helium  tends  to  give  it  an  ahnomiui  position 

simw  -J2 — 3 


in  the  series;  this  effect  is  enhanced  in  the 
narrower  tubes  because  of  the  greater  readiness 
with  which  helium  conducts  heat  from  the 
ases  to  the  walls  of  the  tube,  thus  cooling  the 
ame  in  this  way  more  than  do  the  other  gases 
named  (94). 

From  curves  showing  the  effect  of  an  inert 
diluent  on  the  limits  of  flammable  gas  in  air, 
it  is  easy  to  deduce  (1)  the  minimum  percentage 
of  oxygen  that  will  support  inflammation  of 
the  mixture  or  the  maximum  permissible  if 
it  is  desired  to  make  a  nonflammable  mixture, 
(2)  the  minimum  percentage  of  inert  diluent 
that  must  be  mixed  with  a  combustible  gas 
if  it  is  desired  that  none  of  its  possible  mixtures 
with  air  can  propagate  flame.  Many  examples 
are  given  later  in  the  text.  A  graphical  method 
of  deducing  such  results  has  been  put  forward 
by  Burgoyne  and  Williams-Leir  (39),  with 
tabulated  results.  From  these,  with  the  add¬ 
itional  knowledge  of  the  limits  in  air,  it  is 
possible  to  make  a  more  or  less  accurate  re¬ 
construction  of  the  flammability-limit  curves. 

MIXTURES  OF  FLAMMABLE  GASES  AND  VAPORS 

A  simple  formula,  of  additive  character, 
was  advanced  by  Le  Chatclier  (2 IS)  to  connect 
the  lower  limits  of  two  gases  with  ,!.e  lower 
limit  of  any  mixture  of  them.  It  is 


in  which  -V,  and  A’j  are  the  lower  limits  in  air 
for  ('aeli  combustible  gas  separately  ami  u, 
ami  Hi  are  the  percentages  of  each  gas  in  any 
lower-limit  mixture  of  the  two  in  air. 

The  formula  indicates  that,  for  example,  a 
mixture  of  air,  earlnni  monoxide,  and  hydrogen, 
which  contains  one-quarter  of  the  amount  of 
cnrlioii  monoxide  and  three-quarters  of  the 
amount  of  hydrogen  necessary  to  form  a  lower- 
limit  mixture,  will  be  a  lower-limit  mixture, 
if  the  formula  is  true,  the  lower  limits  of  flam¬ 
mability  form  a  series  of  flammability  equiv¬ 
alents  for  the  individual  gases  of  a  mixture 
(6‘i)- 

Tlic  formula  also  'dicates  that  lovrer-limit 
mixtures,  if  mixed  in  any  proportions,  give  rise 
U*  mixtures  that  are  v  at  their  lower  limits: 
or,  vice  versa,  the  )  "inula  may  bo  deduced 
from  the  latter  <enn:  as  a  postulate  (64). 

The  form iih-  i  ••  ■  generalized  to  apply 

to  any  number  of  v  .  .bustible  gases,  thus: 


and,  so  far  as  it  expn'sses  experimental  results 
truly,  may  be  applied  to  higher-limit  mixtures, 
with  tie-  appropriate  rewording  of  the  defi¬ 
nition  of  Ay  .  .  .  and  hi  ...  . 
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A  small  algebraic  transformation  gives  a 
more  useful  formula  for  calculating  the  limits 
of  any  mixture  of  combustible  gases  that  obeys 
it  (64) i  as  follows: 


L=- 


100 


jPt  »  Pi  i  Ps  I 

AV  ■ ' 


in  which  L  is  the  limit  of  the  mixture  of  com¬ 
bustible  gases  and  pu  p2,  Pz  .  •  ■  are  the  pro¬ 
portions  of  each  combustible  gas  present  in  the 
original  mixture,  free  from  air  and  inert  gases, 
so  that 

Pi  +  Pj+Pi+  .  •  •  — 100. 


An  example  of  the  use  of  the  formula  will 
make  its  application  clear:  The  lower  limit  of 
a  “natural  gas"  of  the  composition 


Percent  Percent 

Methane.. .  ..  .  80  Cower  limit,  5.3) 

Ethane .  .  .  15  (lower  limit,  3.22) 

Propane . . . -  -  4  (lower  limit,  2.37) 

Butane.. _ _ _ _  .1  (lower  limit,  1.86) 


is  given  by 
L 


100 


80  15  4  1 

5.3  +  3.22+2.37+lT86 


=4.55  percent. 


The  accuracy  of  the  formula  has  been  tested 
carefully  for  many  mixtures.  The  results  are 
discussed  separately  in  the  appropriate  sections 
later.  In  general,  it  may  be  said  that,  while 
the  formula  is  often  correct  or  very  nearly  so, 
there  are  some  marked  exceptions.  It  seems 
that  the  limits  (lower  and  higher)  of  mixtures 
of  hydrogen,  carbon  monoxide,  and  methane, 
taken  two  at  a  time  or  all  together,  and  of  water 
gas  and  coal  gas  may  be  calculated  with 
approximate  accuracy  (64).  The  some  is  true 
for  mixtures  of  the  simpler  para  din  hydro¬ 
carbons,  including  “natural  gas’’  (74).  bome- 
times,  however,  the  differences  between  calcu¬ 
lated  and  observed  vu  res  are  very  large;  for 
examples,  see  figures  56  and  57  Many  of  the 
greater  discrepancies  are  found  with  upward- 
propagating  flames,  cap  cialiy  when  one  of  the 
constituents  is  a  vapor,  such  as  ether  or  acetone, 
capable  of  giving  rise  to  the  phenomenon  know’ll 
as  a  “cool  (lame’'  (855).  Ire  ChaUlier’s  law  is 
useful  when  its  applicability  has  l>een  proved, 
but  it  should  not  (>e  applied  indiscriminately. 

Limits  of  Industrial  Mixtures  Containing 
Hydrogen,  Carbon  Monoxide,  Methane,  Nitro¬ 
gen,  Carbon  Dioxide,  and  Perhaps  Air. — An  ex¬ 
tension  of  the  law  to  apply  to  other  atmospheres 
than  air  (95,  271 ,  272)  is  that,  when  limit 
mixtures  arc  mixed,  the  result  is  a  limit  mixture, 
provided  that  all  constituent  mixtures  are  of  the 
same  type;  that  is,  ail  are  lower-limit  mixtures 
or  all  are  higher-limit  mixtures.  This  law  holds, 
for  «sxainple,  for  methane  in  a  range  of  oxygen- 
nitrogen  mixtures  and  in  air-carbon  dioxide, 


air-argon,  and  air-helium  mixtures,  except  near 
the  point  at  which  lower  and  higher  limits 
meet,  where  the  proportion  of  inert  gas  is  large. 
It  holds  also  for  mixtures  of  hydrogen,  methane, 
and  carbon  monoxide,  in  a  wide  range  of 
mixtures  of  air,  nitrogen,  and  carbon  dioxide, 
and  may  therefore  be  used  to  calculate  the 
limits  of  flammability  of  mine-fire  gas  mixtures 
and  of  the  atmospheres  after  a  mine  explosion, 
of  blast-furnace  gas,  of  automobile-exhaust  gas, 
and  of  the  gases  from  solid  explosives  (183, 367) . 

A  brief  account  of  the  method  of  calculating 
limits  of  complex  industrial  gases,  such  as 
those  just  mentioned,  follows.  Greater  detail 
will  be  found  in  the  original  account  (133). 

The  chief  gases  in  these  mixtures  are  hydrogen, 
carbon  monoxide,  methane,  nitrogen,  carbon 
dioxide,  and  oxygen.  The  procedure  is  as 
follows: 

1.  The  composition  of  the  mixture  is  first 
recalculated  oil  an  air-free  basis;  the  amount 
of  each  gas  is  expressed  as  a  percentage  of  the 
total  air-free  mixture. 

2.  A  somewhat  arbitrary  dissection  of  the 
air-free  mixture  is  made  into  simpler  mixtures, 
each  of  which  contains  only  one  flammable 
gas  and  part  or  all  of  the  nitrogen  or  carbon 
dioxide. 

3.  The  limits  of  each  mixture  thus  dissected 
are  read  from  tables  or  curves.  (See  figs.  1 
and  2.) 

4.  The  limits  of  the  air-free  mixture  are 
calculated  from  the  figures  for  the  dissected 
mixtures  obtained  in  (4),  by  means  of  the 
equation: 

,  100 


,P'+ p.!+.p>+ 

A,  .Y,  A, 


where  pt,  pa,  .  .  .  are  the  proportions  of  the 
dissected  mixtures,  in  percentages,  and  Nlt  N2, 
and  Aj  .  .  .  are  their  respective  limits. 

5.  From  the  limits  of  the  air-free  complex 
mixture  thus  obtained  the  limits  of  the  original 
complex  mixture  are  deduced. 

The  following  is  an  example  of  the  calcula¬ 
tion  applied  to  a  mine-lire  atmosphere.  It 
contained : 


CoralUucr.t 


Per-  Airfrrc. 
cvj»'.  percent 


Corutitucnt 


i  Per-  |  Air  free. 
:  cent  | percent 


Carton  tikntdc  i  II I A  '*  Methane  3.3  3.  H 

Oxyg  n  .  I  2.S  .  *»  Jlvdroncn . j  4.?  8.7 

Carton  monoxide  |  4.3  j  3.0  Nitrogen . .  70.9  89.6 


1 .  The  composition  on  an  air-free  basis,  also 
given  above,  is  Mund  thus: 

The  amount  of  air  in  the  mixture  is  2.8X 
100/20.6 -- 13.4  percent.  The  air-free  mixture 
is  therefore  86.6  percent  of  the  whole.  When 
the  original  amounts  of  carbon  dioxide,  carbon 
monoxide,  methane,  and  hydrogen  are  divided 
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FLAMMABLE  GAS 


Fiocse  1. — Limits  of  Flammability  of  Hydrogen,  Carbon  Monoxide,  and  Methane  Containing  Various  Amount* 

of  Carb  on  Dioxide  and  Nitrogen. 


Fionas  2.— Limit*  of  Flammability  of  Ethane,  Ethylene,  and  ilcuscne  Containing  \  ariou*  Amount*  of  Carbon 

Dioxide  and  Nitrogen. 
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by  80.6  and  multiplied  by  100,  the  “air-free"  2.  The  flammable  gases  are  paired  off  with 
percentages  are  obtained.  The  nitrogen  figure  the  inert  gases  separately  to  give  a  series  of 
18  the  difference  between  100  and  the  sum  of  dissected  mixtures,  as  shown  in  the  following 
these  percentages.  table. 

—  i  I 

1  |  :  Ratio  of  Limit*  from  fi|?.  1 

„  CO,,  N’j,  Total  inert  to  _ .  . . 

Combustible  i  Percent  percent  percent  percent  combus¬ 

tible  Lower  Higher 


Some  discrimination  is  needed  to  choose  ap¬ 
propriate  quantities,  but  a  fair  latitude  of 
choice  is  usually  available. 

3.  The  limits'  of  the  dissected  mixtures,  from 
figure  1,  are  shown  in  the  last  two  col  mans 
above.  For  example,  the  first  mixture  contains 
5.0  percent  of  carbon  monoxide  and  17.5  per¬ 
cent  of  nitrogen;  the  ratio  between  its  nitrogen 
and  carbon  monoxide  is  17.5:5.0=3.5;  and  the 
limits  from  the  curve  for  carbon  monoxide- 
nitrogen  mixtures  are  61  percent  (lower)  and 
73  percent  (higher). 

4.  The  values  in  the  last  two  columns  and  in 
the  column  “Total  percent,"  substituted  in  the 
equation,  give  the  two  limits  of  the  air-free 
complex  mixture,  calculated  to  0.5  percent: 


Lower  limit 


H  if  her  limit 


=43  iw'rccnt, 


=  til  percent. 


The  rangt'  of  flammability  of  the  air-free  com¬ 
plex  mixture  is  therefore  43  to  61  percent. 

5.  As  the  air-free  mixture  is  NO .6  percent  of 
the  whole,  the  limits,  in  air.  of  the  mine-fire 
atmosphere  are  43X  100-c  hti.O,  and  tilX100-t- 
86.6,  or  50  and  70  percent,  respectively. 

The  novice's  difficulty  with  such  calcula¬ 
tions  is  in  stage  2,  where  an  appropriate  amount 
of  inert  gas  has  to  lie  chosen  to  pair  with  each 
combustible  gas  in  turn.  The  ratio  of  inert  to 
fiamnia.ile  gas  must  not  Ik-  so  high  that  the 
mixture  falls  outside  the  extreme  fight  of  the 
corresponding  curve  in  figure  1.  A  little  prac¬ 
tice  will  scam  overcome  this  difficulty. 

It  need  only  l>c  added  that,  if  the  amount  of 
inert  gas  is  so  great  that  a  complete  series  of 
flammable  mixture  cannot  be  dissected,  the 


priate  factor  in  the  final  stage  of  the  calcula¬ 
tion  the  result  may  be  greater  than  100  for 
each  limit;  the  original  mixture  is  then  inca- 

[>ahle  of  forming  an  explosive  mixture  with  air 
icon  use  it  contains  too  much  air  already. 
Finally,  if  the  lower  limit  of  the  original  mixture 
is  less  than  100  and  the  higher  limit  greater  than 
100,  the  mixture  is  flammable  pir  and  would 
explode  if  n  source  of  ignition  were  present. 

Aland  20  examples,  which  cover  a  wide  range 
of  industrial  gases,  have  been  tested  (133)  by 
experiment.  The  calculated  and  observed  lim¬ 
its  agree  within  2  or  3  percent,  excepting  one 
higher-limit  figure  for  a  mixture  that  contained 
an  unusually  large  amount  (nearly  24  percent) 
of  earlion  dioxide. 

Extension  of  Mixture  Law. — The  combustible 
gases  covered  by  the  examples  just  given  are 
hydrogen,  c«rl>on  monoxide,  and  methane. 
The  necessary  data  for  the  limits  of  ethane, 
eihvlene,  ami  Itenzene  are  available  (iig.  2), 
am!  these  throe  gHses  have  been  included  in 
calculations  of  the  limits  of  complex  industrial 
combustibles,  such  as  coke-oven  gas.  coal  gas, 
carbureted  water  gas,  oil  gas,  and  producer 
gus  ( 1 3U) . 

Safety  of  Industrial  Mixtures  of  Gases. — If  a 
complex  mixture  of  combustible  and  incom¬ 
bustible  gases,  such  ns  any  of  those  just  dis¬ 
cussed,  is  flammable  /xr  w  or  is  cunnblc  of 
forming  flammable  mixtures  with  air,  the  mini¬ 
mum  amount  of  incombustible  gas  that  will 
render  it  nonflammable  and  also  incapable  of 
forming  a  flammable  mixture  with  air  can  be 
calculated  by  a  small  (and  justifiable)  extension 
of  1-e  Cbatelier's  law.  This  procedure  also 
gives  the  maximum  percentage  of  oxygen  below 
which  all  possible  mixtures  arc  nonflammable 
l(6'2),  clalmratcil  in  (j?)|.  A  somewhat  elaliorate 
graphic  method  of  ascertaining  the  flammability 
of  Iriple  mi.\turi*s  of  combustible  gases  lias  l>een 


air-free  mixture  is  not  flammable.  Moreover,  given  (/5). 

the  air-free  mixture  may  he  flammable,  but  The  purging  of  gas-manufacturing  plants  and 
when  its  limits  arc  multiplied  by  the  appro-  distribution  mains  by  the  use  of  carbon  dioxide 
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or  automobile  exhaust  gas  or  specially  prepared 
inert  mixtures  of  low  oxygen  content  can  be 
controlled  bv  applying  similarly  deduced  data. 
A  full  description  is  given  in  reference  32!). 
Data  for  purging  with  steam  are  given  in 
reference  36H. 

SUPPRESSION  OF  FLAMMABILITY 

A  flammable  mixture  may  be  rendered  non¬ 
flammable  by  (a)  a  suitable  increase  in  the 
amount  of  either  constituent,  (6)  the  addition 
of  a  suitable  amount  of  chemically  inert  sub¬ 
stance,  and  (c)  the  addition  of  a  flammable 
substance  in  sufficient  amount  to  exceed  the 
higher  limit  of  the  resultant  mixture.  It  has 
been  suggested  (12.9)  that  the  last-named  may 
be  advantageous  and  technically  feasible  in 
certain  circumstances  when  the  added  flamma¬ 
ble  substance  has  a  low  higher  limit  of  flamma¬ 
bility.  For  example,  the  mixture  of  hydrogen 
and  air  containing  just  enough  oxygen  to  burn 
the  hvdrogen  completely  (21).  5  percent  hydro¬ 
gen)  becomes  noni!*: tamable  in  tinul  mixtures 
containing  80  percent  of  air,  or  05  percent  of 
hydrogen,  or  07  percent  of  uitrogeu,  or  10  per¬ 
cent  of  methane. 

CHOICE  OF  EXPERIMENTAL  CONDITIONS 

In  the  light  of  the  preceding  discussion,  it 
seems  that  limits  of  flammability  are  physico¬ 
chemical  constants  (at  defined  temperatures 
and  pressu.es)  of  gases  and  vapors  that  can  be 
determined  when  observations  are  made  with 
quiescent  mixtures  in  vessels  of  largt  enough 
dimensions,  with  ignition  from  below  (and,  if 
desired,  at  other  points)  anti  with  maintenance 
of  constant  pressure  during  the  experiment. 
A  somewhat  wide  experience  has  shown  that, 
if  observations  are  made  in  a  vertical  tube  2 
inches  in  diameter  and  4  to  ti  feet  in  height .  the 
results  are  nearly,  but  not  unite,  the  same  as 
those  obtained  in  much  larger  apparatus. 
Limits  observed  in  smaller  apparatus  for 
example,  tubes  of  1  inch  diameter  or  less  are 
usually  signiliantlv  narrower.  Results  ol>- 
tained  in  small,  closed  tubes  often  differ  so 
much  from  normal  results,  and  even  from  one 
another,  that  they  may  U*  very  misleading. 

Mixtures  for  test  are  made  in  gasholders  over 
water,  mercury,  or  other  suitable  liquid  Indore 
introduction  into  the  test  apparatus,  or  they 
an'  made  in  the  apparatus  itself  by  introducing 
the  components  separately  and  using  some 
mixing  device:  or  they  are  made  by  supplying 
constant  metered  streams  of  the  components 
via  some  suitable  mixing  device. 

Effective  ignition  usually  can  be  obtained 
equaliv  well  by  passing  an  electric  spark  from 
an  induction  roil  (say,  front  “2-inch"  to  “12- 
tnch”  as  convenient)  across  a  gap  several 


millimeters  long  or  by  drawing  the  flame  of  a 
small  spirit  lamp  or  a  jet  of  hunting  hydrogen 
across  an  aperture  in  the  observation  vessel. 
This  aperture  is  conveniently  made  at  the 
moment  preceding  ignition  by  gently  sliding 
away  a  ground-glass  plate  that  previously  baa 
sealed  the  vessel.  When  gases  of  small  solu¬ 
bility  are  tested,  a  water  seal  may  be  used  for 
this  purpose.  For  a  few  gases  a  small  tuft 
of  guncotton  fired  by  e  spark  or  heated  platinum 
wire  is  a  more  certain  means  of  ignition  (3o3, 
17 It i);  for  a  few  others,  an  electric  spark  suc¬ 
ceeds  in  firing  the  mixture  when  a  flame  fails 
(132).  Ignition  attempted  by  an  electrically 
heated  wire  may  not  always  be  reliable  with 
mixtures  near  the  limits. 

Bureau  of  Mines  Apparatus.— 'An  apparatus 
used  for  many  of  the  determinations  made  in 
the  Bureau  of  Mines  lalioratory  and  recorded 
in  the  following  pages  is  illustrated  in  figure  3. 
It  is  specially  designed  for  determining  limits 
of  vapors  of  liquids  that  are  sufficiently  vola¬ 
tile  at  laboratory  temperatures;  it  can  he  simpli¬ 
fied  for  gases,  but  must  be  elalio rated  for  the 
vapors  of  less-volatile  liquids. 

In  figure  3.  a  is  the  glass  tube  in  which  the 
mixture  is  tested.  Its  Tower  end  is  closed  bv  a 
lightly  lubricated  ground-glass  plate  4,  sealed 
with  mercury  r  It  is  evacuated  by  a  pump 
through  the  tube  j.  The  vapor  under  test  is 
drawn  from  its  liquid  in  the  container  p,  in 
amount  measured  by  the  manometer  i.  Air 
or  other  “atmosphere”  is  then  admitted 
through  the  drvinc  tube  </  until  atmospheric 
pr<  'ssure  is  reached.  The  air  and  vapor  are  then 
thorouguiy  mixed  by  circulation,  by  suitably 
raising  and  lowering  the  mercury  vessel  <; 
repeatedly  for  It)  to  30  minutes,  depending 
upon  the  density  of  the  added  eomimstihle 
va|H»r.  The  mercury  seal  is  then  removed,  the 
glass  plate  6  is  slid  off  the  tube,  and  the  flam¬ 
mability  is  tested  abnost  at  the  same  moment 
bv  sparking  at  y  or  by  passing  a  small  (fame 
across  the  open  end  of  the  tube. 

Special  Conditions. — An  examination  of  the 
effects  of  temperature  ou  limits  of  flammability 
requires  special  arrangements  for  healing  (or 
cooling)  the  test  vessel.  These  an'  not  diffi¬ 
cult  to  provide.  To  examine  the  effect  of 
pressure  is,  however,  much  nion'  difficult 
because  of  tin1  pndilem  of  avoiding  targe  in- 
creases  of  pressure  during  (and  as  a  result  of) 
the  inflammation.  A  few  experiments  have, 
however,  been  made  with  tl.**  “open"  end  of 
the  test  vessel  in  connection  with  a  very 
murli  larger  vessel  full  of  air  at  the  same  pnsi- 
sure  as  that  of  the  mixture  under  lest  ( 102,) 
Most  of  our  information  nixuit  pressure  efforts 
on  limits  relates  only  to  the  pn»ssun'  of  the 
mixture  before  inflammation 

The  limits  of  turbulent  mixtures  have  us- 
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Finvaa  3. —  Apparatus  fur  Determining  Limit*  of  Flammability  of  tiases  and  Vapor*. 


tially  been  determined  in  small  vessels  fitted 
with  fans.  ami  the  criterion  of  continued  prop¬ 
agation  of  flarne  has  not  boon  applied,  al¬ 
though  for  testing  tho  effort  of  turbulence  due 
to  trio  detonation  of  solid  explosives  short 
aeotions  of  a  cylindrical  metal  gallery  of  6.d 
foot  diameter  have  been  used. 

Stationary  Flame  in  a  Flowing  Mixture.-- 
Quite  recently  (iS6i  an  apparatus  bus  lu'on  de¬ 
vised  from  which  a  cylindrioal  oohimn  of  gaseous 


mixture  rises  into  the  air  in  a  uniform  stream, 
"jacketed”  hv  a  layer  of  nitrogen  which  helps 
to  maintain  the  striot  uniformity  of  motion  of 
the  mixture.  The  sueeess  of  this  device  is 
shown  by  the  fact  that  flat,  stationary,  hori¬ 
zontal  flames  have  been  maintained  in  mixtures 
of  composition  slightly  below  the  lower  limits 
determined  in  tubes.  Only  two  figures  of  limits 
determined  by  mean--  of  this  device  ere  yet 
available  (m  under  Propane  and  Butane). 


PART  n.  SOME  THEORETICAL  CONSIDERATIONS 


Nobody  has  succeeded  in  calculating  cither 
a  lower  or  a  higher  limit  of  flammability  of 
any  mixture  from  more  fundamental  physi¬ 
cochemical  data.  In  general  terms,  the  prob¬ 
lem  is  to  express  quantitatively  the  fact  that 
there  comes  a  point  in  the  progressive  dilution 
of  a  flammable  mixture  when  the  production  of 
energy  (including  that  of  atoms  and  radicals) 
is  no  longer  sufficient  to  inflame  a  neighboring 
layer  of  unburned  mixture. 

Some  attempts  already  made  to  relate  limits 
of  flammability  to  simpler  data  may  be  men¬ 
tioned.  Long  ago  Humphry  Daw  (78)  as¬ 
cribed  to  its  greater  heat  capacity  the  superior 
effect  of  carbon  dioxide  in  rendering  metnane- 
air  mixtures  nonflammable;  this  conclusion  has 
frequently  been  supported  by  observations  with 
other  flammabie  mixtures.  Hcgnault  and 
Reiset  (292)  drew  attention  to  the  different 
ability  of  hydrogen  ami  oxygen  to  render 
electrolytic  gas  nonfiopvnhlc;  they  ascriln'd 
it  to  the  different  mobilities  of  these  gases  or 
to  their  different  thermal  conductivities.  As 
these  gases  are  not  chemically  inactive  toward 
the  constituents  of  elect  mi  v  tie  gas.  chemical 
effects  may  play  a  part.  .More  recently,  some 
comparative  experiments  with  mixtures  of 
methane  and  atmospheres  composed  of  air  and 
equal  volumes  of  either  argon  or  helium  have 
proved  that,  when  heats  of  reaction,  rates  of 
reaction,  and  specific  heats  are  equal  there  is 
still  a  large  difference  in  the  limits  m  the  argon 
and  the  helium  mixtures.  This  difference  is 
ascrilied  to  the  different-  thermal  conductivities 
of  the  mixture's  (b'9). 

Bunsen  (20,  27)  attempted  to  calculate 
ignition  temperatures  of  gas  mixtures  from 
their  limits  of  flammability,  with  the  aid  of 
heatsof  reaction  and  specific  heats.  He  assumed 
that  the  heat  produced  by  the  coin  bust  ion  of 
one  layer  (already  heated,  before  burning,  to 
its  ignition  temperature)  was  transmitted  to  the 
nciglilxmng  unburned  layer,  which  was  inflamed 
if  the  heat  thus  transmitted  sufficed  to  raise  it 
to  its  ignition  tonqienilure.  The  reverse 
procedure-  calculating  dilution  limits  from 
the  igt.it  on  tent(H'raturcs  determined  independ¬ 
ently- -has  often  Ik'en  attempted,  but  the 
results  show  only  that  there  is  no  simple 
relation  between  limits  and  ignition  tciii|Hra- 
tures.  For  example,  as  shown  in  the  table 
below  (94).  (1)  in  the  scries  of  normal  paraffin 


hydrocarbons  the  ignition  temperature  falls 
rapidly  while  the  calculated  flame  ''-lpornture 
of  the  limit  mixture  rise®,  (2)  there  is  a  barely 
measurablo  difference  between  the  lower  limits 
(and  flame  temporatures)  of  n-  and  iso-octane, 
but  a  very  large  difference  between  their 
ignition  temporatures. 


Hjdrocorboa 

i 

,  Lower  \ 

!  limit,  per¬ 
cent  by  | 
volume 

Fkme 
temper*'  ; 
tureof  ! 
limit  mix-  1 
ture.  •  C. 

Ifnilion 

tempera* 

1  ture  of 
|  hydro- 
cor  boo.  *  C. 

Methane . 

MS  j 

1.245 

#30 

•  HUt&IK . 

i.w  ! 

1,445 

4S0 

•-Pentane  . 

i  .«a  i 

1. 485 

470 

•-Hexane. . 

i.« 

I.  MB 

275 

n-mpt.-uv- . . 

i  n : 

i.s m 

255 

•-Octane . . . . 

ui 

1, 575 

244 

Iso-octane . 

1.14 

i.eoa 

430 

I 


The  heat  of  combustion  of  a  limit  mixture  of 
most  gases,  and  vapors  is  enough  to  raise  an 
equal  volume  of  the  unburned  mixture  to  a 
temperature  far  higher  than  its  ignition  tem¬ 
perature,  as  usually  determined,  but  probably 
not  us  high  as  the  temperature  necessary  for  in¬ 
flammation  within  the  very  small  fraction  of  a 
second  necessary  to  insure  propagation  of  flame 
at  the  observed  rates  in  limit  mixtures.  This, 
and  other  considerations,  have  led  Egerton  and 
Powling  (94)  to  the  conclusion  that  continued 
propagation  of  flame  depends  upon  the  tempera¬ 
ture  of  the  flame  being  sufficient  to  maintain  a 
certain  boundary  flame  temperature  which 
provides  a  certain  concentration  of  active  rad¬ 
icals  in  the  boundary  region;  and  that  inflam¬ 
mation  is  produced  in  the  unburned  gas  mainly 
by  the  radicals  derived  from  the  flame,  that  is, 
only  indirectly  by  the  beat  of  the  flame,  not 
directly  by  heat  transference  from  flame  to 
unburned  gas. 

The  lower-limit  mixture  of  hydrogen  in  air 
produces  far  too  little  beat  to  laise  the  mixture 
to  its  ignition  temperature,  yet  flame  will  travel 
upward  through  the  limit  mixture  indefinitely 
(08).  An  explanation  of  this  lias  been  given  by 
F.  C  lldmann  (llo)  ai  P.  Harteok’s  suggestion. 
The  flame  in  the  limit  mixture  rise's  as  a  lumi¬ 
nous  ball  or  balls,  consuming  only  part  of  the 
hydrogen.  s  the  hydrogen  is  consumed,  fresh 
hydrogen  dihusea  into  the  flame  more  rapidly 
than  the  other  gases;  therefore  the  mixture  that 
is  burning  is  not  the  same  as  that  in  the  rest  of 
the  containing  vessel.  This  explanation  is  ren- 
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dcrod  highly  probable  by  the  observation  that 
particles  of  finely  divided  plutii'.nm  or  palladium 
may  be  maintained  red  hot  by  suspension  in  a 
mixture  of  4  percent  hydrogen  and  air.  Com¬ 
bustion  of  the  mixture  produces  a  temperature 
of  less  than  450°  but  the  high  rate  of  diffu¬ 
sion  of  the  hydrogen  enables  a  far  higher  tem¬ 
perature  to  be  maintained  at  the  metallic  sur¬ 
face. 

Although  this  explanation  of  the  mechanism 
of  flame  propagation  in  hydrogen-air  mixtures 
is  entirely  acceptable,  it  seems  undesirable,  and 
possibly  dangerous,  to  accept  (Soldmann’s  con¬ 
clusion  that  the  true  limits  of  flammability  are 
those  for  downward  propagation  of  flame.  If 
so,  a  ((-percent  hydrogen-air  mixture  and  a 
fi .(i-percent  methane-air  mixture  would  be 
described  as  nonflammable.  Both  these  mix¬ 
tures  propagate  Haim*  upward  indefinitely  and 
if  ignited  near  the  floor  of  a  closed  room  would 
produce  pressures  of  the  order  of  1  and  4  at¬ 
mospheres,  respectively,  and  mean  tempera¬ 
tures  of  about  Hot)0  and  1.200°  C.  Such 
conditions  would  burst  windows  and  burn  men. 
It  is  inconceivable  that  anyone  who  has  seen  a 
5. f (-percent  methane-air  flame  traveling  up  a 
long  tube  would  term  this  mixture  nonflam¬ 
mable,  although  it  fails  to  propagate  llame 
downward. 

Mallard  (A>V'  and  others  (.W  have  attempted 
to  deduce  limits  of  flammability  from  curves 
showing  the  speed  of  propagation  of  flame,  for 
example,  in  a  series  of  mixtures  of  methane  ami 
air.  Bv  extrapolating  to  zero  speed  they 
thought  t  *ind  the  compositions  of  the  limit 
mixtures,  nut  in  n  limit  mi  are  the  speed  of 
flame  is  by  no  means  zero. 

A  few  regularities,  set  forth  in  the  following 
paragraphs,  have  been  discovered:  occasionally 
they  may  give  a  useful  indication  of  limits 
which  have  not  been  experimentally  determined. 

].  Le  (.’hotelier  and  Boudonnrd  i ,22 1,  H2) 
determined  the  lower  limits  of  some  .41  gns<*s 
and  vapors  for  downward  propagation  of 
flame.  AVith  the  exception  of  hydrogen  and 
carbon  disulfide,  which  gave  low  figures,  the 
heats  of  combustion  lay  between  !>  and  1.5 
large  calories  per  unit  volume  ',‘.’4.5  liters  nt 
15°  CV  of  the  limit  mixture;  for  most  of  them, 
the  range  was  12  to  14  large  calories. 

2.  Burgess  and  Wheeler  ($?>  found  that,  for 
the  first  five  members  of  the  paraffin  series  of 
hydrocftrlxnts.  the  calorific  values  of  tin*  lower- 
limit  mixtures  (propagation  of  flame  throughout 
a  globe)  were  nearly  oiiual.  The  agreement  is 
not  so  good  for  limits  tor  upward  propagation 
of  flame  for  these  hydrocarbons  (?4).  but  a 
smooth  curve  can  be  drawn  to  represent  the 
relation  between  the  calorific  values  of  the  first 
eight  members  of  the  paraffin  series  and  their 
lower  limits  (L'4)- 


4.  White  (853)  found  approximately  constant 
calorific  values  for  11  of  12  volatile  solvents,  for 
propagation  of  llame  upward  or  downward  in 
lower-limit  mixtures  or  downward  in  higher- 
limit  mixtures;  the  values  were  different  for 
different  directions  of  propagation  of  llame, 
Carhon  disulfide  was  the  exception.  For  the 
others,  the  products  of  combustion  were  similar 
(nitrogen,  carbon  dioxide,  water  vapor,  etc.), 
and  the  temperatures  attained  were  approxi¬ 
mately  equal,  lienee,  the  effective  ignition 
temperature  for  propagation  of  (lame  m  these 
mixtures  seems  to  be  approximately  constant 
for  the  same  direction  of  propagation  of  llame. 
The  observed  ignition  temperatures  of  those 
vapors  ere  much  lower,  presumably  because,  in 
their  determination,  a  much  longer  time  is 
available  for  ignition  than  is  available  when 
llame  is  self-propagating  through  a  mixture. 
The  effective  ignition  temperature  for  down¬ 
ward  propagation  for  the  1 1  sols  *nts  and  for  the 
first  5  paraflins  and  for  ethylene,  propylene, 
butylene,  and  carbon  monoxide  is  about  1,400° 
C.,  umorreetod  for  radiation  losses.  The 
figures  are  much  less  (35(j)  for  hydrogen,  hydro¬ 
gen  sulfide,  and  acetylene. 

When  the  initial  temperature  of  the  mixture 
was  increased  several  hundred  degrees  (310, 
358)  the  ranges  were  widened  and  therefore  the 
heat  of  combustion  at  each  limit  was  losu  luu 
the  two  f:\clors  usually  balanced  each  other  so 
that  the  llame  temperature  of  the  limit  mixture 
remained  constant.  This  was  true  for  the  lower 
limits  of  methane,  ethvlene,  acetylene,  and 
pentane  and  for  tin*  higher  limits  of  liydi  (gen 
and  carbon  monoxide.  The  lower-limit  temper¬ 
atures  of  hydrogen  rose  nearly  Hit)0,  and  those 
of  curium  monoxide  fell  nearly  100°  as  the 
initial  temperature  of  the  mixture  was  increased. 

A  straight-line  relationship  between  temper¬ 
ature  ami  limits  (low*. r  and  higher)  has  also 
boon  indicated  for  several  other  compounds  (3). 

Although  the  calorific  values  of  lower-limit, 
mixtures  of  eiieinienllv  closely  related  com¬ 
pounds  arc  often  noarh  equal,  this  rule  does 
not  apply  generally,  as  is  shown  by  the  following 
selected  samples 
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4.  The  cool  flame  of  ether,  which  is  produced 
and  maintained  at  a  much  lower  temperature 
than  that  required  to  produce  the  normal 
flame,  is  propagated  by  a  range  of  overrich 
mixtures  which  in  some  circumstances  is 
separate  from  the  range  of  mixtures  that  propa¬ 
gate  the  normal  flame  (3o 3).  The  effects 
of  pressure  on  ignition  temperatures  and  limits 
of  flummabilitv  for  the  two  types  of  flame  are 
similar  and  in  general  support  the  view  that 
the  limits  for  the  normal  flame,  at  least,  are 
governed  by  the  thermal  properties  of  the  mix¬ 
tures.  The  propagation  of  the  cool  flame  may 
depend  upon  a  chain  reaction  (331). 

5.  he  (.'batcher's  law,  expressing  the  limits 
of  mixed  flammable  gases  and  vapors  in  terms 
of  the  limits  of  the  individual  gases  and  vapors, 
is  fairly  accurate  for  many  mixtures  but  in¬ 
accurate  for  others. 

Nilgai  has  offered  an  explanation  for  certain 
deviations  from  he  (.'hatcher's  law  (3-i->).  He 
assumes  that,  if  two  gases  individually  have 
the  same  calculated  temperature  for  their 
limit-mixture  flames,  which  lie  calls  the  theoret¬ 
ical  flame-propagation  temperature  (TFPT), 
the  mixttms  of  these  gases  will  obey  the  law. 
If,  however,  the  TFPT's  are  not  equal,  the 
mixed  gases  will  not  obey  the  law.  The  gas 
of  higher  TFPT  does  not  play  the  part  suggested 


by  Le  Cha  teller's  law  until  the  amount  of  the 
other  gas  is  increased  in  lower-limit  mixtures 
or  decreased  in  higher-limit  mixtures.  Over  a 
greater  or  smaller  middle  range  of  composition 
the  limit  mixtures  of  some  pairs  of  gases  have 
constant  TFPT’s,  therefore  these  mixtures 
obey  the  law  over  that  range. 

Mixtures  of  hydrogen  and  ethyl  bromide 
(311)  support  Nagai’s  argument.  Figure  4 
shows  the  lower  and  higher  limits  of  mixtures 
of  hydrogen  and  ethyl  bromide;  for  example, 
one  higher-limit  mixture  contains  about  41 
percent  hydrogen  and  2  percent  ethyl  bromide; 
the  rest  of  the  mixture  is  air.  If  the  whole 
range  of  these  mixtures  followed  Le  Chatelier's 
law,  then  the  straight  line  joining  the  lower  or 
higher  limit  for  hydrogen  with  the  correspond¬ 
ing  (undetermined)  limit  for  ethyl  bromide 
would  give  the  corresponding  limits  for  all 
mixtures  of  these  gases.  The  theoretical  flame- 
propagation  temperature  of  hydrogen  is  pre¬ 
sumably  less  than  that  of  ethyl  bromide; 
hence,  the  addition  of  the  first.  1  percent  of 
ethyl  bromide  to  the  higher-limit  hydrogen 
mixture  necessitates  a  rapid  fall  in  the  hydrogen 
present  in  order  that  the  flame  temperature 
shall  approach  that  of  ethyl  bromide.  With 
1  to  i  percent  of  ethyl  bromide  the  limits  full 
on  a  straight  line,  us  required  by  la-  Chatelier’s 
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law,  because  the  flame  temperatures  are  equal. 
Extrapolation  of  this  line  cuts  the  A'  axis  at 
_X'=56.  The  TFPT  of  the  mixtures  is  therefore 
equal  to  that  of  a  56-percent  hydrogen-air 
mixture,  which  can  be  calculated.  Moreover, 
the  position  of  any  point  on  the  straight  part 
of  the  higher-limit  curve  can  be  calculated  on 
the  assumption  that  the  effective  limit  of 
hydrogen  is  56  percent  and  that  of  ethyl 
bromide  7.6  percent. 

Although  Nagai  has  adduced  many  instances 
of  pairs  of  gases  or  vapors  that  appear  to  sup¬ 
port  his  views  (246,  247,  250,  252,  811,  314, 
815,  816),  others  do  not.  For  example,  mix¬ 
tures  of  hydrogen  and  methane  follow  the  law 
of  lie  Chatelier  fairly  well,  but  their  TFPT’s 
are  far  apart.  Moreover,  mixtures  of  hydrogen 
sulfide  and  hydrogen  (fig.  56)  and  of  hydrogen 
sulfide  and  methane  (fig.  57)  present  such 
results  as  cannot  be  interpreted  by  Nagai ’s  ideas. 

Another  purely  empirical  relationship  be¬ 
tween  lower  and  higher  limits  of  hydrocarbons 
and  some  of  their  derivatives  has  been  advanced 


bv  M.  Aubert  (5),  for  downward  propagation 
of  flame.  The  agreement  between  calculated 
and  observed  values  is  less  satisfactory  for  the 
simpler  compounds  than  for  the  more  complex 
and  breaks  do^n  with  acetylene. 

6.  W.  P.  Jonssen  {191)  and  J.  van  Heiningen 
(842)  of  the  Leiden  school  have  shown  by 
several  examples  that  the  means  of  the  lower 
and  higher  limits  of  two  gases  in  the  presence 
of  increasing  amounts  of  an  inert  third  gas 
have  a  linear  relationship.  They  correlate 
these  observations  with  reaction  rates  based 
on  the  law  of  mass  action.  The  means  of  the 
lower  and  higher  limits  of  two  gases  have  in 
some,  but  not  all,  instances  a  linear  relation¬ 
ship  to  the  pressure  (90).  J.  J.  Valkenburg 
has  developed  this  argument  further  ( 836 ). 

It  is  apparent  that  the  theoretical  treatment 
of  limits  of  flammability  is  meager  and  mainly 
qualitative;  it  is  bound  up  with  the  unsolved 
problem  of  the  theory  of  flame  propagation 
in  general. 


PART  m.  LIMITS  OF  INDIVIDUAL  GASES  AND  VAPORS 


In  accordance  with  the  preceding  argument 
the  results  collected  for  individual  gases  are 
arranged  ns  follows: 

(1 )  The  results  of  experiments  on  propagation 
of  flame  upward  in  large  volumes  of  quiescent 
gas  which  are  at  atmospheric  pressure  during 
the  passage  of  the  flame. 

(2)  The  results  for  other  directions  of  propa¬ 
gation  in  similar  circumstances. 

(3)  The  results  observed  in  smaller  vessels 
open  at  one  end  (so  that  the  pressure  is  constant 
(luring  the  experiment)  or  totally  closed  (so 
that  pressure  varies  at  a  rate  and  to  an  extent 
which  depends  on  the  dimensions  of  the  vessel 
used). 

The  first  results  may  be  considered  the  limits 
of  flammability  of  the  components  named,  a 
physicochemical  property  independent  of  exter 
nal  conditions,  at  atmospheric  temperature  and 
pressure;  the  second  are  the  limits  under  re¬ 
stricting  conditions  of  direction  of  propagation; 
the  third  are  the  limits  under  still  more  re¬ 
stricted  conditions,  such  as  the  dimensions  of 
the  vessel  used  for  observation. 

HYDROGEN 

HYDROGEN  IN  AIR 

Flames  in  mixtures  of  hydrogen  and  air  are 
exceedingly  pale;  the  flame  in  a  limit  mixture 
is  almost  or  quite  invisible,  even  in  a  completely 
darkened  room.  Ignition  by  a  "fat”  electric 
spark  gives  rise  to  a  very  pale  flame,  but  a 
“thin"  blue  spark  gives  an  invisible  flame. 
Proof  that  an  invisible  flame  has  traveled  to  the 
top  of  a  vertical  tube  may  be  obtained  by  ad¬ 
mitting  a  small  quantity  of  pure  hydrogen  to 
the  top  of  the  tune  a  second  or  so  before  the 
flame  is  expected  to  arrive  there.  If  the  flame 
reaches  the  rich  mixture  a  sharp  explosion  is 
observed.  Analysis  of  a  limit  mixture  after 
the  passage  of  a  flame  would  not  prove  whether 
flame  had  traveled  throughout  the  length  of 
the  tube,  for  the  flames  in  weak  mixtures  bum 
onlv  a  fraction  of  the  hydrogen  in  the  tube. 

When  a  spark  was  passed  near  the  lower 
confines  of  a  weak  hydrogen-air  mixture  stand¬ 
ing  over  water  in  a  vessel  6  feet  high  and  12 
inolies  square  in  section  the  following  observa¬ 
tions  were  made: 

4.0  prrernt  hydrogen. — A  vortex  ring  of  flame 
was  seen  just  above  the  spark  gap;  it  rose, 
expanded  for  about  16  inches,  then  broke  and 
disappeared. 


4.2  pucent  hydrogen. — A  similar  ring  of  flame 
was  formed.  On  breaking,  it  resolved  itself 
into  an  exceedingly  faint  cloud  or  collection  of 
small  balls  of  flame,  which  traveled  steadily  to 
the  top  of  the  containing  vessel — a  distance  of 
more  than  5  feet. 

44,  4-0,  4-8,  5.2,  and  5.6  percent  hydrogen. — 
In  each  mixture  a  vortex  ring  of  name  rose 
about  16  inches,  then  broke  into  segments 
which  subdivided  into  balls  of  flame  that 
traveled  to  the  top  of  the  vessel.  An  increasing 
fraction  of  the  hydrogen  present  was  burned  as 
the  amount  of  it  was  increased;  the  strongest 
mixture,  5.6  percent  hydrogen,  showed  about 
50  percent  combustion. 

In  a  longer  and  narrower  tube,  15  feet  in 
length  and  2  inches  in  diameter,  no  flame  was 
seen  with  4.2  percent  hydrogen,  but  with  4.4 
percent  a  globular  flame  traveled  at  uniform 
speed  the  length  of  the  tube.  There  seems  to 
be  no  doubt,  therefore,  that  these  flames  were 
self-propagating  and  capable  of  traveling  in¬ 
definitely.  They  left  much  unburned  gas 
behind  because  their  lateral  speed  of  propaga¬ 
tion  was  much  less  than  their  vertical  speed, 
which  was  due  mainly  to  convection. 

In  a  wide  space,  therefore,  the  lower  limit  of 
flammability  of  hydrogen  in  air  is  4.1  ±0.1 
percent. 

The  hydrogen  was  not  wholly  burned  in  an 
up  ward -propage  ting  flame  in  a  tube  2  inches  in 
diameter  until  10  percent  was  present  (68). 

With  a  continued  source  of  ignition,  such  as  a 
succession  of  sparks  or  a  small  flame  burning 
from  a  jet,  wobk  mixtures  showed  a  continuous 
thin  thread  of  flame  shooting  upward  and  ex¬ 
panding  into  a  flame  cloud.  As  the  hydrogen 
was  consumed  the  thin  flame  gradually  short¬ 
ened  until  it  disappeared. 

Complete  combustion  of  a  layer  of  the  limit 
mixture,  4.1  percent  hydrogen,  would  heat  the 
products  to  a  temperature  of  less  than  350°  C. 
The  ignition  temperature  of  hydrogen  in  air  is 
about  585°  C.  An  ingenious  explanation  of  this 
anomaly  has  been  given.  (See  pp.  11  and  12.) 

The  higher  limit  of  flammability  has  not  been 
determined  in  large  vessels,  but  experiments  in 
a  wide,  short  vessel  and  in  a  long,  narrow  veaset 
have  indicated  (64)  that  the  higher  limit  in  a 
large  volume  is  about  74.2  percent  hydrogen. 
A  more  recent  dciermination  in  a  tube  7  cm.  in 
diameter  and  150  cm.  in  length  gave  the  higher 
limit  as  74.4  percent  hydrogen  (115). 
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The  foregoing  figures,  for  both  limits,  refer 
to  gases  saturated  with  water  vapor  at  room 
temperature.  Some  recent  experiments  with 
dry  gases  in  a  4-inch-diameter  tube,  open  at  its 
lower  end,  gave  the  limits  for  upward  propaga¬ 
tion  as  4.0  and  75.0  percent  (38).  The  analyti¬ 
cal  figures  for  the  moist-gas  limits  being  4.1  and 
74.2  percent,  the  actual  compositions  of  the 
moist  limit  mixtures  would  he: 


Lower  limit 

Higher  limit 

Hydrogen . - . 

Air . ! 

4  1-  4  . 0^ 
05.9-94  0% 
2.0-  2.0% 

102 

. 

1  74  2  -  72.5% 

25  K- 25. 5% 
2.0-  2.0% 

102 

i 

The  actual  lower  limits  of  dry  and  saturated 

fases  at  room  temperature  are  therefore  equal. 

'he  actual  higher  limit  is  reduced  from  75.0 
percent  to  72.5  percent  by  saturation  with 
water  vapor,  a  result  that  is  about  what  would 
he  expected  from  the  known  effects  of  incom¬ 
bustible  gases  on  the  higher  limits  of  hydrogen 
and  other  gases.  It  will  be  noted,  also,  that  the 
actual  percentage  of  oxygen  in  the  dry  and 
moist  higher-limit  mixtures  is  5.2  and  5.3  per¬ 
cent,  respectively,  the  difference  being  due 
presumably  to  the  heat  capacity  of  the  water 
vapor. 

Observations  in  Smaller  Vessels. — Tahle  1 
gives  additional  results  for  various  directions 
of  propagation  of  flame. 


Table  1. — Limits  oj  flammability  of  hydrogen  in  air  in  smaller  vessels 
Upward  Propagation  of  Flame 


Dimensions  of 
tube,  cm. 

Firing  end 

: 

1  Limits,  percent 

|  Content  of  aqueous 

UrfcHmce 

No. 

Diameter 

Length 

j 

Lower 

Higher 

va|K>r 

i 

7.  5  | 

i 

150  1 

Closed  .  -  _ _ _ 

4.  15 

75.  0 

Half-saturated 

5.  3  ! 

150 

Open  . -  - . 

4.  19 

74.  n 

Dried 

!>, 

5.  3  ! 

150 

_ do. _ _ 

:  4.  12 

713 

do  . 

!>', 

S.  3  ! 

1.50 

*  4.  17 

■71.8 

do . 

!>i 

5.  0 

150 

Civ  >d  . . . 

4.  15 

7  1.  5 

Half-saturated 

5.  0 

180 

Open.  . . - 

4.  0 

72.  0 

Dried _ 

in 

4.  8 

150 

_ do . . . .  . 

4.  0 

73.  8 

.  do _  | 

,iS 

4  5 

80 

Closed  _ _  ..........  J 

»  1  l 

r,n 

4.  5 

80 

_ do..  . 

3  9 

....  ! 

.7  7 

2.  .1  ! 

150 

Open . . .  . - 

4.  2 

Dried  1 

»'/ 

2  5  ; 

1.50 

Closed  _  _ _ 

1  25 

73  0 

Half-saturated 

Siiti 

2  5 

‘W  f 

_ do  _ _ _ _ 

1.  1 

72  8 

1 

as 

2  2 

45  ! 

_ IO  _ _ _ _ _ _ 

3.  «i 

73.  0 

Saturated 

1.  6 

96  i 

_ do . 

4.  22 

71.  2 

as 

.  8 

96  ! 

5.  1 

1  1 

67.  0 

ns 

Horltontal  Propagation  of  Flam* 


7.  .5 

ISO 

Closed  . 

a.  5  . . 

Half-saturated 

.ISH 

5  0 

150 

_ do.  _ 

6.  7 

do 

SXti 

2  ,5 

150 

do 

7.  IS  .  . 

....  do . 

2.  5 

150 

Open 

j 

6  2 

1  Saturated  . 

t:i 

2.  5 

.  . ..  .do . 

71.  4 

.  9 

150 

i 

6.  7 

65.  7 

Saturated 

Downward  Propagation  of  Flam* 


21.  0  1 

31 

f 

11.  3 

Sfcnirat<yi . 

6$ 

8.  0  i 

37 

dosed 

1 

8.  9  i 

•  68  8 

. .  .  do .  . 

sti 

7.  5 

ISO 

. do. 

_ ; 

8  8 

74  5 

Half-saturated 

7.0 

150 

. ...  do 

74.  5 

IIS 

6  2  1 

33 

Open 

...... 

8  5 

Saturated  . 

. ...  ns 

60  ( 

120 

. do . 

0  45 

1’artl*  dried  . .  . . 

.  .  5 s.s 

6  0  ; 

120 

Closed.. . 

9.  3 

do . 

st.s 

6  0  1 

120 

•  68  0 

do  - . 

sts 

5  3 

ISO 

()|s.-n . 

. . i 

9. 0  . 

Dried . 

...  i  9. ( 

8*#  ftHsIlmlo 

t  «**>«!  of  fable. 
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Table  1. — Limits  oj flammability  of  hydrogen  in  air  in  smaller  vessels — Continued 
Downward  Propagation  o t  Flam* — Continued 


Dimensions  of 
tube,  cm. 

Diameter  j  Length 


Firing  end 


Closed .  - 

Onen _ 

Closed .  _ 

_ do.. 

_ do  . 

Open _ 

Closed. . 

_ do__ 

_ do.. 

...  .do  _ 

_  .do.. 

_ do.. 


- - i 


Limits,  percent 

Content  of  aqueous 

Reference 

Lower 

Higher 

vapor 

No. 

l 

9.  0 

74.0 

Half-saturated _ 

$66 

8.  9 
*  9.  6 

71.  2 

511 

56 

8.  8 

_ _ 

_ 

Saturated . . 

63 

9.  4 

71.5 

Half-saturated. _ _ 

$56 

9.7 

Saturated _ . _ 

$71 

6.  8 

69.  3 

$41 

9.  1 

73.  0 

t74 

9.  45 

66.  4 

Sat  urated _ _ _ _ 

$56 

9.  45 

65.  25 

_ do _  _ 

SSS 

7.  7 

72.  6 

Dried  .  . . 

tl7 

9.  8 

63.  0 

.do _ _ 

set 

i 

Propagation  in  a  Spherical  Venal  or  a  Bomb 


Cajmcit.v,  rc: 

Not  stated 


sot  stated .  Closed. 


9.  2 

Saturated _ _  ... 

17 1 

8.  5 

*  67.  5 

- do _ 

Si 

8.  7 

75.  5 

_ do . . 

95 

5.0 

73.  5 

. 

$49 

4.  6 

70.  3 

Saturated _ 

$68 

9.  4 

‘  64.  8 

i97 

i  Walts  of  tuts  hlarki'mst. 
1  Walts  of  tube  silvers'll. 

1  At  <1X1  mm.  pras-suro. 


In  round  figures,  therefore,  the  limits  of  hy¬ 
drogen  in  air  may  be  stated  as  follows  for  trasos 
saturated  with  water  vapor  at  ialioratorv  tem¬ 
perature  and  pressure;  the  figures  for  the  hitcher 
limit,  downward  propagation,  are  based  on 
observations  in  closed  tubes  in  which  the  mix¬ 
ture  was  uniter  rapidly  varying  pressure  during 
the  experiment: 

Limits  of  flammability  of  hydrogen-air 
mixtures  saturated  with  u-ater  rapar 

/.futif*.  per  rat 


Later 

llVktr 

Upward  propagation  . . 

4.1 

74 

llorijonlal  propagation. . 

6.  0 

Downward  propagation.  . 

9.  0 

74 

Influence  of  Pressure,— ritfure  5  shows  van- 
ous  results  obtained  for  the  limits  of  hydrogen 
in  air  under  pressures  greater  than  atmospheric 
(/,{,  17,  32.',).  The  differences  are  not  ns  great 


•  This  figure  would  probably  have  been  IncrcwMl  had  a  stronger  spark 
been  uwl.  a  5|«rk  strong  enough  to  Ignite  a  lower-limit  mixture  may 
be  loo  weak  to  ijra rt«  a  higher-limit  mliture  (54)- 

by  the  unbroken  line.  Ir.  general,  it  appears 
that  the  limits  are  at  first  narrowed  by  increase 
of  pressure  above  atmospheric  but  at  higher 
pressures  are  steadily  widened. 

A  series  of  experiments  (95)  besides  those 
recorded  in  figure  5  showed  no  change  in  the 
lower  limit,  over  a  range  from  0.5  to  4  atmos- 
spberes.  Other  experiments  made  in  a  narrow 
tube,  w  ith  downward  propagation  of  flame  and 
ignition  by  the  fusion  of  a  copper  wire,  gave  low 
results  for  the  higher  limit  (51). 

Reduced  pressure  affected  the  lower  limit  as 
follows:  In  a  closed  glass  tube  6.0  cm.  in  dia¬ 
meter  and  120  cm.  in  length,  with  downward 

firopngation  of  flame,  at  1  atmosphere  the 
ower  limit  was  9.35  percent  and  at  K  atmos- 
spherc,  10.6  percent  (325).  Experiments  in  a 
burette  indicated  the  existence  of  a  small  lower¬ 
ing  of  the  lower  limit  between  about  500  and 


as  they  may  appear  to  1m-  at  first  sight,  ey-ept 
for  lower-limit  mixtures  at  pressures  of  1  to  5 
atmospheres,  nnd  may  well  lx-  ascribed  to  dif¬ 
ferent  interpretations  of  experimental  results 
rather  than  to  the  experiments  'hemselves;  the 
criterion  was  100-perrcnt  combustion  for  the 
series  indicated  in  the  figure  by  small  circles  but 
only  about  80  percent  for  the  series  represented 


200  mm.  pressure,  followed  by  a  rapid  rise 
between  200  and  100  mm.  (#'V  Other  experi¬ 
ments  in  narrow  tubes  (S,  16,  and  25  mm.  dia¬ 
meter).  with  upward  propagation  of  flame, 
showed  no  great  chance  in  the  limits  until  the 
pressure  was  Mow  about  800  mm.,  when  the 
range  narrowed  until  below  50  mm.  no  mixture 
propatrated  flame  -JI6). 
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EspariiMBt  Rafcren 

•  Downward  propagation;  cylicder,  31x8  cm.  324 

Downward  propcfit-,.  cylinder  14 

o  Side  Of  central  ignition;  ephw.  7.6  cm.  diam.  17 


HYDROGEN.  PERCENT  IN  A  '*> 

Fiocre  5. — Effect  of  Pressures  Above  Normal  on  Limits  Hydrogen  in  Air. 


Influence  of  Temperature. — Three  sets  of  ob¬ 
servations  have  been  made  on  the  influence  of 
temperature  on  the  limits  of  hydrogen  in  air 
{!$,  $97,  $68).  Tabic  2  and  figure  6  give  those 
that  are  probably  most  reliable  (35a).  They 
were  determined  in  a  closed  tube  2.5  cm.  in 
diameter  and  150  cm.  in  length,  with  downward 
propagation  of  flame. 

At  640°  C.  a  90.45-percent  mixture  was  in¬ 
flamed  {$87). 

Tha  flame  temperature  (table  2)  necessary  to 
insure  propagation  of  flame  downward  is  much 
above  the  ignition  temperature  of  hydrogen  in 
air,  585°  C.  Moreover,  increase  in  initial  tem¬ 
perature  of  tbe  mixture  does  not  cause  ths 
calculated  flame  temperature  to  fall  toward  the 
ignition  temperature  but  has  the  opposite  effect 
for  lower-limit  mixtures ;  this  observation  awaits 
explanation. 


Table  2. — Influence  of  temperature  on  the  limits 
oj  flammability  of  hydrogen  in  air,  downrvard 
propagation  of  flame 


Twnpereture,  ■  C. 


Limits  o i  flamma- 
hlllly.  percent 
hydrogen 


Cairu  Sited 
Dune  tamper* 
lures,  •  C 


I /met  j  Higher 
limit  limit 


*T6  j  m 

MO  1 . 

sco  I  wo 


Influence  of  Impurities. — The  lower  limit  of 
hydroeen  in  air,  with  downward  propagation  of 
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Fiourk  8. — Intiucncc  of  Temperature  on  Limits  of  Flammability  of  Hydrogen  in  Air  (Downward  Propagation  of 

Flame). 


flume,  was  raised  a  fraction  of  1  percent  by  the 
addition  of  iron  carbonyl  (0.028  and  0.056  cc.. 
liquid  vaporized  per  liter).  The  higher  limit 
was  reduced  from  68  to  52  percent  bv  the  addi¬ 
tion  of  iron  carbonyl  (0.024  cc.  liquid  vaporized 
per  liter)  (325). 

HYDROGEN  IN  OXYGEN 

The  limits  of  visible  flame  of  hydrogen  in 
oxvgcn  with  upward  propagation  of  flame  in  a 
tune  2  inches  in  diameter,  open  at  the  firing 
end,  are  4.65  and  03.90  percent  (150).  In 
closed  tubes  the  extremes  recorded  are  3.9  and 
95.8  percent  (56,  57,  78,  97,  274,  333).  The 
lower-limit  figures  refer  to  the  same  type  of 
flame  as  that  of  weak  mixtures  of  hydrogen  in 
air,  and  the  lower  limit  in  open  vessels  may 
prove  to  be  as  low  as  in  closed  vessels  when 
special  means  are  taken  to  detect  an  invisible 
flame. 

For  downward  propagation  of  flame  in  small 
vessels  the  lower  limit  is  about  9  or  10  percent 
hydrogen  and  the  higher  limit  about  92,  93, 
or  94  percent  (27,  67,  88,  95,  228,  274,  ^2,  S2S, 
346). 

For  complete  combustion  of  the  gas  in  a 
35-cc.  spherical  globe  with  side  ignition  the 
limits  were  9.6  and  90.9  *  percent  hydrogen 

1  Probably  too  low.  footnote  4,  t»b!*  »,  p.  17. 


(297);  for  inflammation  in  a  closed  bomb  of 
810-cc.  capacity,  5  and  94.3  percent  (349). 

Influence  of  Pressure. — Experiments  in  a  steel 
cylinder  3  inches  in  diameter  and  5  inches  in 
length,  axis  vertical,  indicated  that  the  lower 
limit  of  hydrogen  in  oxygen  was  not  altered 
materially  by  increase  of  pressure  to  122  atmos¬ 
pheres  but  lay  between  8  and  9  percent  through¬ 
out  this  range  of  pressure,  ignition  was  by 
spark  or  hot  wire,  and  the  direction  of  propaga¬ 
tion  of  flame  was  presumably  downward  (254). 

When  the  pressure  is  reduced  below  atmos¬ 
pheric,  the  higher  limit  falls  slightly  but  does 
no*  reach  90  percent  hydrogen  (central  ignition 
in  a  globe)  until  the  pressure  is  about  100  mm., 
at  which  it  is  difficult  to  insure  an  adequate 
source  of  ignition;  a  powerful  source  of  ignition 
might  insure  propagation  of  flame  indefinitely 
in  a  hydrogen-oxygon  mixture  of  90  percent  or 
a  little  more  hydrogen  at  pressures  below  100 
mm.  The  lower  limit  does  not  rise  above  11 
percent  hydrogen  until  the  pressure  is  below 
9  mm.  (65). 

Experiments  in  a  burette  indicated  the  exist¬ 
ence  of  &  small  lowering  of  the  lower  limit  be¬ 
tween  about  400  and  120  mm.  pressure, 
followed  by  a  rapid  rise  between  120  and  80 

mm.  (84). 
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Influence  of  Temperature. — In  a  35-cc.  closed 
bulb  the  limits  were  9.6  and  90.9  percent  at  15° 
C.  and  9.1  and  94  percent  at  300°  C.  (297). 

HYDROGEN  IN  OTHER  ATMOSPHERES 

All  Atmospheres  of  Oxygen  and  Nitrogen. — 
The  limits  of  hydrogen  in  various  mixtures  of 
oxygen  and  nitrogen  have  been  determined  at 
600  mm.  and  lower  pressures,  with  downward 
propagation  of  flame  in  a  tube  3  cm.  in  diameter 
(88).  (See  also  Ammonia  Contact  Gas.) 

Atmospheres  of  Composition  Between  Air  and 
Pure  Oxygen. — With  downward  propagation  of 
flame  in  a  Bunte  burette,  the  lower  limit  fell 
gradually  from  9.45  percent  hydrogen  in  air  to 
9.15  percent  in  nearly  pure  oxygen.  The 
higher  limit  rose  from  65  percent  hydrogen  in 
air  to  81  percent  in  a  40-percent  oxygen  mix¬ 
ture,  86  percent  in  a  56-percent  oxygen  mixture, 
and  91.6  percent  in  nearly  pure  oxygen  (823). 

In  a  mixture  of  equal  volumes  of  oxygen  and 
nitrogen,  91.35  percent  hydrogen  inflamed  at 
537°  C.  (216). 

Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen). — The  limits  of  hydrogen  in 
all  mixtures  of  air  and  nitrogen,  or  air  from 
which  part  of  the  oxygen  has  been  removed, 


are  shown  in  figure  7.  The  determinations  were 
made  in  a  tube  6  feet  in  length  and  2  inches  in 
diameter,  with  upward  propagation  of  flame  at 
atmospheric  pressure  during  propagation  (188). 
From  the  ordinates  of  the  “nose”  of  this  curve 
it  may  be  calculated  that  no  mixture  of  hydro¬ 
gen,  nitrogen,  and  air  at  atmospheric  pressure 
and  temperature  can  propagate  flame  if  it 
contains  less  than  4.9  percent  oxygen  (167). 

For  some  purposes  the  results  are  more  useful 
when  expressed  (62)  as  in  figure  8. 

This  figure  shows,  for  example,  that  a  mixture 
containing  20  percent  H2,  6  percent  02l  and  74 
percent  N2  is  flammable;  but  if  2  percent  of  the 
oxygen  were  replaced  by  nitrogen  the  mixture 
would  not  be  flammable  but  would  become  so 
by  admixture  with  a  suitable  amount  of  air. 
In  figure  8,  “impossible  mixtures’'  cannot  be 
produced  by  mixing  air.  nitrogen,  and  hydrogen. 
For  more  detailed  explanations,  compare  the 
corresponding  section  on  methane  limits  in 
mixtures  of  air  and  nitrogen  (pp.  44  to  48). 

The  limits  v.itb  downward  propagation  of 
flame  in  the  same  series  of  mixtures  have  been 
determined  in  a  closed  tube  5  cm.  in  diameter 
and  65  cm.  in  length.  The  lower  limits  are  5 
to  6  percent  greater  and  the  higher  —1  to  4- 10 


OXYGEN  IN  ORIGINAL  ATMOSPHtfRE,  PERCENT 
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CARBON  WOXHX  OR  ADOSTtONAL  NITROGEN  IN  ORIGINAL  ATMOSPHERE,  PERCENT 

finuit  7. — Limits  of  Flammability  of  Hydrogen  in  Air  ami  C’arlxm  Dioxide  or  Nitrogen. 
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Klfit'BE  8. — Relation  Between  C<>ni|M>sition  and  Flammability  of  Mixtures  of  Hydrogen,  Oxygen,  and  Nitrogen. 


percent  prettier  titan  those  of  figure  7.  The 
“nose"  of  the  curve  is  at  the  same  percent  ape 
of  uthiitinnul  nitrogen.  The  addition  of  0.5 

ijcreent  of  tin  tetramethy!  ret  luces  the  higher 
imit  and  retracts  the  "nose"  of  the  curve 
eonsitlerahlv  (SIS).  The  limits  for  downward 
propagation  in  a  closed  tube  2.2  cm.  in  diameter 
have  also  been  determined  (d{/). 

Atmospheres  of  Air  and  Water  Vapor.-  The 
limits  of  hydrogen-air  mixtures  standing  t»ver 
water  in  a  ttoO-ee.  spherical  Vessel,  atitl  ignited 
near  the  water  surface,  have  Itccii  determineti  at 
various  teinperut  tires.  As  the  tcmjrcrature 
rises,  and  consequently  the  water-vapor  content 
also,  the  lower  limit  ristst  slowly,  anti  the  higher 
limit  falls  rapidly,  as  with  other  diluents.  When 
lift  percent  of  water  vaj>or  is  present  (St»°  (’.! 
the  limits  coincide  at  edamt  10  percent  hvtln»gen 
(368). 

Earlier  experiments,  made  in  a  Buntc  burette, 
show  similar  effects  hut  the  range  of  flamma¬ 
bility  is  smaller  (.0.5). 

Atmospheres  of  Air  and  Carbon  Dioxide.- 
The  limits  of  flammability  of  hydrogen  in  all 

SMOJO*  Jl — 1 


mixtures  of  air  and  carbon  dioxide  are  shown  in 
figure  7.  The  determinations  were  made  in  a 
tube  6  feet  in  length  and  2  inches  in  diameter, 
with  upward  propagation  of  flame  at  atmos¬ 
pheric  pressure  during  propagation  ( I, id,  167). 

The  limits  with  downward  propagation  of 
flame  in  the  same  series  of  mixtures  have  Itecn 
determined  in  a  closer  I  tui>c  5  cm.  in  diameter 
ami  05  cm.  in  length.  The  low  er  limits  art'  5  to  6 
percent  greater  and  the  higher  limits  1  to  1 
percent  less  than  those  m  figure  7.  The 
"nose”  of  the  curve  is  at  50  percent  carlton 
dioxide  in  the  atmosphere.  The  addition  of 
0.5  percent  tin  tetramethy!  reduce;,  the  higher 
limit  mid  retract*  the  "nose"  of  the  curve 
considerably  (SIS).  The  limits  with  downward 
propagation  in  Hosed  tulavt  2.2  and  1.0  mm.  in 
diameter  have  also  ln«en  determined  (2/7,  $41). 

Some  earlier  observations  (.‘<.5)  show,  as  might 
l»e  expected,  a  more  rapid  narrowing  of  she 
limits  in  a  Buntc  buret t«\  Others  (/>  may  be 
mentioned,  but  they  can  hardly  U*  actvptcd 
without  confirmation  because  they  indirate 
several  improbable  conclusions -for  example, 
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that  the  lower  limit  of  hydrogen  is  reduced  from 
6.5  percent  in  air  to  3  percent  in  an  atmosphere 
composed  of  air  and  3  or  4  percent  of  carbon 
dioxide. 

Atmospheres  of  Air  and  Helium.-  -When  thin 
rubber  balloons  2,5  inches  in  diameter  were 
filied  with  various  mixtures  of  hydrogen  and 
helium  and  a  lighted  match  or  a  white-hot 

fdatinum  spiral  was  used  to  bum  a  hole  in  the 
abric,  the  hydrogen  could  be  raised  to  26 
percent  before  the  mixture  became  flammable, 
DUt  if  the  hydrogen  exceeded  2S  percent  the 
mixture  would  bum.  Hence,  it  was  concluded 
that  to  dilute  the  helium  used  for  airships  with 
more  than  about  26  percent  of  hydrogen  (2!>G) 
would  not  insure  safety  against  inflammation 
of  the  gas. 

Experiments  by  the  present  writers  show 
that  homogeneous  mixtures  of  helium,  hydro¬ 
gen,  and  air  would  propagate  flame  when  the 
proportion  of  hydrogen  to  helium  is  much  less 
than  that  indicated  above.  When  as  little  as 
8.7  percent  hvdrogcn  is  present  in  admixture 
with  helium,  it  is  possible  to  make,  with  this 
mixture,  a  blend  with  air  that  will  propagate  a 
weak  flame  up  through  the  central  part  of  a 
tube  2  inches  in  diameter  and  6  feet  in  length. 
The  complete  set  of  observations  is  shown  in 
table  3. 


Table  3. — Limit *  of  flammability  of  mixtures  of 
hydrogen  anil  helium  in  air,  upu'iird  pro/Hi- 
gation  of  flame  in  tube  2  inch**  in  diameter 
and  t>  feet  in  length,  open  at  its  lower  end 


Ortcinal  fax  mtitur*,  permit 
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The  mixture  that  contained  19.3  percent 
hydrogen  and  the  res!  helium  had  wry  wide 
limits  of  flammability.  Flame  travel  *!  rapidly 
ami  with  some  violent**  through  mixtures  with 
air  that  lay  well  within  these  limits,  although 
the  balloon  experiments  bad  seemed  to  show 
that  these  mixtures  were  nonflammable  No 
mixture  would  i»c  safe  for  use  in  an  airship 
unless  it  contained  less  than  8.7  percent 
hydrogen  in  admixture  with  helium  (7L*). 

With  downward  propagation  of  flame  in  a 
closed  tube  2.2  cm.  in  diameter  the  weakest 
mixture  of  hydrogen  and  helium  that  can  form 
a  flammable  mixture  with  air  contains  alxiut 
J  2  percent  hydrogen  {34 1). 

The  maximum  amount  of  hydrogen  that 
could  be  added  to  helium  without  enabling  the 


mixture  to  burn  when  issuing  into  air  from  a  jet 
15  mm.  in  diameter,  ignition  by  a  gas  flame,  was 
14  percent  (223).  • 

Atmospheres  of  Air  and  Argon. — The  limits  of 
hydrogen  in  mixtures  of  air  and  argon,  with 
downward  propagation  of  flame  in  a  closed  tube 
2.2  cm.  in  diameter,  have  been  determined 

(#/). 

Atmospheres  of  Air  and  Certain  Halogenated 
Hydrocarbons. — A  series  of  results  showing  the 
lower  and  higher  limits  of  hydrogen  in  air  con¬ 
taining  increasing  amounts  of  trichloroethylene 
at  14°,  25°,  and  35°  C.  have  been  reported. 
They  were  observed  in  small  burettes  15  mm. 
in  diameter,  so  are  of  limited  value  (200).  Sim¬ 
ilar  experiments  with  the  vapors  of  other  eliloro- 
derivatives  at  laboratory  temperatures  were 
reported  in  an  earlier  communication  (lint). 

The  addition  of  increasing  amounts  of  methyl 
bromide  to  the  air  causes  the  limits  of  hydrogen 
to  approach,  and  in  a  2-inoh-diameter  tube,  to 
meet  when  13.7  percent  of  the  mixture  is  methyl 
bromide.  The  lower  limit  of  hydrogen  is.  how¬ 
ever,  appreciably  reduced  (down  to  2.4  percent 
with  12  percent  o.  methyl  bromide),  showing 
that  the  bromide  takes  soi  »  part  in  tlse  com¬ 
bustion  (33).  The  results  an  of  doubtful  appli¬ 
cability  to  wide  spaces,  for  with  a  sullieietitlv 
powerful  source  of  ignition  some  mixtures  of 
methyl  bromide  alone  and  air  can  be  inflamed 
(!»;  101). 

The  addition  of  increasing  amounts  of  di- 
chlorodifluoromcthaiu't  freon")  to  the  air  causes 
the  limits  of  hydrogen  to  approach  and,  in  a 
2-incli-diamoter  tube,  to  inert,  when  35  percent 
of  the  mixture  is  freon  (3S). 

Atmosphere  in  Which  Nitrogen  of  Air  Is  Re¬ 
placed  by  Carbon  Dioxide.  The  limits  of 
hydrogen  in  this  atmosphere,  with  upward  prop¬ 
agation  of  flume  in  a  5. 3-cm. -diameter  tube  open 
at  the  lower  end,  are  5.31  and  69. S  percent,  as 
compared  with  4.19  and  74.6  (lercent,  respec¬ 
tively,  in  air.  For  downward  propagation  in 
the  same  tuU',  the  upper  end  being  open,  the 
lower  limit  is  13.1  percent  as  compared  with  9.0 
percent  in  air  (.'#.{  ). 

In  a  closed  2. 5-cm. -diameter  UiIh\  with  up¬ 
wanl  propagation  of  (lame,  the  limits  are  4.7 
and  70.3  jMTccnt ;  the  range  is  narrower  in 
narrower  tubes  {US). 

Ill  a  closed  35-cc.  giolie  with  side  ignition,  the 
Innita  wen*  11.9  and  P.K.2  percent  hydrogen 
compared  with  9.4  and  04  S  percent,  resjiec- 
tiveiy,  in  air  in  the  same  apparatus  (207).  The 
higher-limit  result  is  unexpectedly  greater  in 
the  artificial  atmosphere  than  in  air;  a  similar 
result,  however,  had  been  obtained  earlier  (3.', O'). 
Reasons  have  already  been  given  (footnote  4, 
table  1,  p.  17)  for  thinking  that  the  figure 
64.8,  for  the  higher  limit  in  sir,  is  loo  low. 
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Influence  of  Temperature. — Some  irregular 
results  have  been  obtained  for  the  influence  of 
temperature  on  the  limits  of  hydrogen  in  an 
atmosphere  of  21  percent  oxygen  and  79  percent 
carbon  dioxide.  They  need  confirmation  {297). 
An  isolated  observation  is  that  a  mixture  con¬ 
taining  82.9  percent  hvdrogen  inflamed  at 
552°  V.  {216). 

Atmospheres  in  Which  Nitrogen  of  Air  Is 
Replaced  by  Argon,  Neon,  or  Helium. — The 
limits  of  hydrogen  in  atmospheres  in  which 
the  nitrogen  of  the  air  is  replaced  by  (a) 
argon  or  (b)  helium,  with  upward  propagation 
of  flame  in  a  5.3-cni. -diameter  tube  open  at 
the  lower  end,  are  (a)  3.17  and  76.4  percent 
and  (6)  7.72  and  75.7  percent.  For  downward 
propagation  in  the  same  tube,  the  upper  end 
being  open,  the  lower  limits  are  (a)  7.0  and 
(b)  8.7  percent  (9.{). 

In  a  closed  2. o-cm. -diameter  tube,  with 
upward  propagation  of  flame,  the  limits  are 
(a)  2.71  and  75.3  percent  and  (6)  5  9  and  71. S 
percent;  both  ranges  are  narrower  in  narrower 
tubes  (9S). 

In  a  mixture  of  20.9  percent  oxygen  and 
79.1  percent  argon.  SO. 10  percent  hydrogen 
inflamed  at  545°  ('.  \21H),  (See  also  Deuterium 
in  Other  Atmospheres.) 

Atmosphere  of  Chlorine. — In  a  eudiometer 
tube  about  1  cm.  in  diameter,  with  gases 
standing  over  sulfuric  acid,  the  limits  of 
hydrogen  in  chlorine,  apparently  for  downward 
propagation  of  flame,  were  8.1  and  85.7  percent. 
Radiation  from  burning  magnesium  ignited 
mixtures  containing  between  9.8  and  52.5 
percent  hydrogen  (227). 

The  limits  with  downward  propagation  of 
flame  in  a  tube  1.5  cm.  in  diameter  anil  30  cm. 
in  length  are  10.4  and  83.9  percent  hydrogen. 
Reasons  are  given  for  preferring  these  figures 
to  those  given  above  (22S). 

In  an  iron  bomb  of  810-cc.  capacity,  the 
limits  of  hydrogen  in  chlorine  are  6  and  84.5 
pc: cent  (3.'t9). 

With  a  spark  discharge  or  a  heated  platinum 
spiral  m  a  lialf-liter  cylinder  4  cm.  in  diameter, 
the  apparent  limits  of  hydrogen  in  chlorine 
vary  with  circumstances;  the  widest  range  was 
5.5  to  89  percent.  Results  are  also  given  for 
mixtures  to  which  hydrogen  chloride,  nitrogen, 
oxygen,  and  curltotl  dioxide  were  added  i2l  J) 

Atmospheres  of  Chlorine  and  Nitrogen; 
Chlorine  and  Oxygen;  Chlorine  and  Nitric 
Oxide;  Chlorine,  Nitric  Oxide,  and  Nitrogen. — 
The  limits  of  ternary  mixtures  of  hydrogen  w  ith 
each  of  these  mixtures  arc  given  in  triangular 
diagrams  for  downward  propagation  of  flame 
(221 S). 

Atmospheres  of  Oxygen  and  (1)  Hydrogen 
Chloride,  (2)  Carbonyl  Chloride,  and  (3)  Di- 
fluorodichloromethane.—  The  limits  of  ternary 


mixtures  of  hvdrogen,  oxygen,  and  each  of  these 
substances  ore  given  in  triangular  diagrams  for 
downward  propagation  of  flame  in  a  1.6-cm.- 
diameter  tube  (335). 

Atmosphere  of  Nitrous  Oxide. — The  limits  of 
hydrogen  ill  nitrous  oxide,  with  downward 
propagation  of  flame  in  a  16-mm.  burette,  are 
5.2  and  about  76  percent  ( 2S5 );  in  a  15-mm. 
tube,  5.6  and  79.7  percent  (339).  The  effect 
of  a  diluent  in  narrowing  the  limits  increases 
in  the  following  order;  Argon,  nitrogen,  carbon 
dioxide,  helium  (285). 

Atmosphere  of  Nitric  Oxide. — The  limits  of 
hydrogen  in  nitric  oxide  (wrongly  called  nitrous 
oxide  by  the  author,  a  Netherlands  chemist 
writing  m  English)  with  downward  propagation 
of  flame  in  a  tube  15  mm.  in  diameter  are  13.5 
and  49.4  percent  (228). 

Atmospheres  of  Nitrous  and  Nitric  Oxides. — 
The  region  of  flammability  of  mixtures  of 
hydrogen  with  mixtures  of  nitrous  and  nitric 
oxides  is  plotted  in  a  triangular  diagram  (239), 
but  the  spark  used  was  too  weak  to  ignite  any 
mixture  of  hvdrogen  and  nitric  oxide  alone 
(228). 

Atmospheres  in  Which  Oxygen  of  Air  Is  Re¬ 
placed  by  Nitrous  Oxide. — The  limits  of  hy¬ 
drogen  in  a  mixture  of  21  percent  nitrous  oxide 
and  79  percent  nitrogen,  with  upward  propaga¬ 
tion  of  flame  in  a  5.3-cm.-diametor  tub'  open 
at  the  lower  end,  are  4.19  and  29.0  percent. 
When  the  mixture  contains  42  percent  nitrous 
oxide  and  the  amount  of  combined  oxygen 
therefore  epuais  the  amount  of  free  oxygen  in 
air.  the  limits  are  4.38  and  65. S  percent  in  the 
same  experimental  conditions,  in  comparison 
with  4.19  ami  74.6  percent  in  air  (93). 

Influence  of  Small  Amounts  of  “Pro¬ 
moters."— The  addition  of  about  0.5  percent 
of  various  possible  “promoters”  (diethyl  perox¬ 
ide,  ethyl  nitrate,  nitrogen  peroxide,  methyl 
iodide,  ozone)  hail  little  effect  on  the  lower 
limit  of  hvdrogen  in  air  and  little  more  effect 
on  the  higher  limit  than  that  due  to  the  thermal 
effects  of  their  reactions  (93'. 

Dilution  of  Electrolytic  Gas  (2H;  •  O.)  With 
Gases,  Inert  or  Otherwise.  -In  the  early  part  of 
tlic  last  centurv  the  question  of  the  amount  of 
diluent  that,  mixed  with  electrolytic  gas,  would 
bring  a  mixture  to  its  limit  of  flammability 
aroused  much  interest,  which  has  Imioii  revived 
from  time  to  time.  Some  of  the  diluents  were 
inert;  others  were  not.  Table  4  gives  the 
results. 

The  conditions  of  some  of  these  experiments 
arc  very  incompletely  stated  hut  can  lx*  sur¬ 
mised  from  the  figures  for  the  diluents  hydrogen 
and  oxygen,  as  limit  mixtures  made  by  diluting 
electrolytic  gas  with  hydrogen  and  oxygen  are 
the  same  as  higher-  and  lower-limit  mixtures, 
respectively,  ol  hydrogen  in  oxygen.  Thus, 
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Davy’s,  Turner's,  and  Bunsen’s  experiments 
probably  were  made  with  upward  propagation 
of  flame.  Davy  and  Turner  probably  used 
fairly  wide  vessels  and  Bunsen  a  rather  weak 
spark  as  the  source  of  ignition.  Regnault  and 
Reiset,  Von  Meyer,  Tanatar,  Misteli,  Kitner, 
and  Jorissen  observed  downward  propagation 
of  flame. 

Uncertainty  as  to  some  of  the  methods  used 
and  the  small  scale  of  the*  experiments  make  it 
impossible  to  draw  exact  conclusions  from  the 
results  in  table  4.  In  general,  however,  it  is 


evident  that  the  inert  gases  of  higher  heat 
capacity  are  more  effective  than  those  of  lower 
heat  capacity  in  rendering  electrolytic  gas 
nonexplosive.  Helium  is  more  effective  than 
argon,  presumably  because  of  its  greater 
thermal  conductivity.  Moreover,  when  the 
diluent  is  itself  flammable  and  therefore  com¬ 
petes  with  the  hydrogen  for  the  oxygen  of 
the  elecrolytic  gas,  it  is  even  more  extinctive 
of  flame  than  the  inert  gases,  provided  that  it 
contains  several  atoms  capable  of  uniting 
with  oxygen. 


Table  4.-  Percentage  of  electrolytic  gas  which,  with  ililvevt  named,  is  at  limit  of  flammability  1 


1’crccntiU'c  amt  authority 


!  l’avman  and 
!  Tit  man 


Diluent 

Daw 

Turner 

|  (s»; !. 

.'7.7P 

(78) 

(333) 

i 

Down- 

ward 

ward 

Hydrogen _ 

11  it 

10  12.  5 

21-23  ( Bunsen,  ST)  . 

17  4 

17.  4 

0  ygeu-- 
,Vr 

10-12.  5 

fi.  7-7.  7 

7.  7-9.  1 

. 

8.  0-9.7  (Bunsen,  27),  13.9  (Kitner,  .9.5). 

5.  9 

13.  ti 

Nit  rotten. 

14.3  (Henry.  /2i ?),  19.2  (Kitner.  !l'i) 

25  27  (Keyunult  and  Ueisct,  .’92),  25.7  20.2 

15.  5 

10.  8 

Curtain  dioxide 

23  33 

| 

(Huusc'u,  J?)t  30.0  (Kitner,  Hr>) . 

23.  0 

25.  9 

Helium 

13.  9 

13.  9 

Argon 

Hydrochloric  add 

30  10 

:  20  25 

|  10.  0 

12.  5 

Siiict.n  Huoritlt* 

55  -37 

• 

Sulfur  dioxide 

33  50 

> 

Nitrous  oxMu 

8  9 

10  12.  5 

( 'artion  monoxide. 

20  25 

!  17.  ! 

17  1 

Hydrogen  sulfide 

33  U) 

07  HO 

50  aj>|>ro\imate  Itudde.  2-7 1 

Ammonia  . 

:>o  r»7 

m  1  rarlituitnn  ami  Vriue*  ,  JUS  5 

f 

Metliane.  . 

no  ;>7 

7<‘»  7K  (Tanatar,  7*»  1  M ,*  #J'*. 

Klliane  .  . 

85.5  85.7  t  K.  von  Mover,  2  id' 

Kthvime 

07  7  ”) 

,  50  07 

7N.0  S0.S  [  K.  von  Mr\«  r,  ^4'*'.  7-'*  »MUteli, 

i 

2 it),  SO  i  Jorissen,  202'. 

]*ropv»rnr. .  .  . 

! 

SK-SO  iTatmtar,  Sjo-.  h.r»  Mi  (Misteli,  J « t ' 

Tri;iH‘thvU‘iio  ... 

; 

88  sy  (Tanatar,  .120) .  . 

I 

5ft  (Tanatar,  Ve 

Cyaimm-n  . 

Coal  ita» 

07  so 

40  t  Henry ,  /.'2 

i  Of  2  fir*  *»  *.  jbr  h.wiT  rv|*tv«-n:»  i  lumP-unlt*  *M»  iiuitwu  uu!  itir  higtirr  a  tmiturv. 

»  In  n  **!«••«  •!  i  till  Ml  *lt  Ittu  Irf  fill,  hi  lipglh 

•  At  ^  and  Wi  mn:.  j-p  «mi'v 


PARA-HYDROGEN 

The  lower  limit  of  para-hydrogen  in  air  with 
upward  propagation  of  flame  in  a  tulie  7  cm.  in 
diameter  and  120  cm.  in  length  is  between  4.:$ 
and  4.5  percent.  Under  the  same  conditions, 
the  lower  limit  of  ordinary  hydrogen  is  between 
4. if  and  4.4  percent.  Iln-  higher  limit  of  a 
mixture  of  etp.ia!  parts  of  ortho-  and  para- 
hydrogen  was  not  leas  than  that  of  ordinary 
hydrogen  {114). 


DEUTERIUM 

DEUTERIUM  IN  AIR  AND  IN  OXYGEN 

The  limits  of  deuterium,  which  have  been 
observed  oiiiy  in  closed  vessels,  are  given  in 
table  5,  with  those  for  hydrogen  obtained  by 
tin'  same  observers  in  ymrnllel  experitnenls. 

Tiu>  ratio  of  figures  {lit!)  with  upward  propa¬ 
gation  (deuterium  and  hydrogen  in  air)  is  almost 
et;ual  to  the  inverse  ratio  of  the  diffusion 
coefficients  of  the  two  gases,  a  fact  that  agrees 
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with  the  explanation  given  (p.  11)  for  the 
peeuliar  nature  of  the  'owcr-limi*  flame  of 
hydrogen. 

DEUTERIUM  IN  OTHER  ATMOSPHERES 

The  lower  limits  of  deuterium  and  hydrogen 
in  mixtures  of  20  percent  of  oxygen  and  SO  per¬ 
cent  of  various  chemically  inert  gases,  at  400 
mm.  pressure,  have  been  determined  in  u  closed 
tube  4.5  cm.  in  diameter  and  80  cm.  in  length. 
They  are  as  follows: 

i  Upward  nrojiaffalion  of  Downward  projiajsplon 


Atmosphere 

Deuterium  Hydrogen 

Den*  erf  um 

Hydrogen 

eter,  are  (374). 

Nitrogen,  mi  jierfvnt 

5.  65  ,  3.  9 

.  0 

y.  «» 

Diluent: 

Helium.  h(i  jiorrent . 
Neon.  80  jierovnt _ 

7.  4  5. 8 

>  4  3  ?  55 

*  i 

8.  1 

7.  ! 

Deuterium  - . 

Argon,  80  percent _ 

i  1  73  27 

7  2 

7.  I 

Nitrogen 
Oxygen - 

The  three  last-named  gases  have  equal 
specific  heats  but  different  densities  and  thermal 
conductivities.  In  the  helium  mixtures  the 
convection  is  least  and  the  dissipation  of  the 
energy  of  the  flame  front  by  diffusion  the 
greatest ;  correspondingly,  the  limit  is  the  highest 
and  the  difference  in  the  limits  with  upward 
ami  downward  propagation  of  flame  the 
least  (57). 

Dilution  of  2Da+02. — The  limits  of  2D2-fO* 
in  various  diluents,  with  downward  propaga¬ 
tion  of  flame  in  a  closed  tube  2.2  cm.  in  diam- 


Percentage  of  tDr+Ot 
which,  with  diht'rU 
named,  i«  at  limit 
of  ftammabilitt 

... .  15.  9 


Table  5. — Limits  of  flammability  of  deuterium  ar-.d  hydrogen  in  air 
Upward  Propagation  of  Flame 


Dimensions  of 
tube,  cm. 


Deuterium  limits,  percent 


Hydrogen,  limits,  percent 


Pressure, 

mm. 


In  oxygen 


Ileier- 

lu  oxygen  ence  No. 


Diam¬ 

eter 

length 

Lower 

Higher  lower 

Higher 

Lower 

Higher 

I.om'r 

|  Higher 

too 

t  ft 

80 

ft  aft 

t. . 

fit) 

?IW) 

2  2 

4ft 

1.  0 

7ft.  0  4.  •• 

Ut  7 

3.  f 

73.  0 

3. 

2 

t7i 

too 

t.  5 

80 

a  oft 

.  5.  7  .  3  <1 

Downward  Propagation  of  Flam® 

— - 

3.  t» 

57 

too 

•i.  5 

SO 

11.0 

*•  0 

5H 

7t»0 

2  2 

tft 

10.  2 

7ft  0  10  2 

Ut.  7 

"  t 

73,  0 

<>  t 

SM.  2  ! 

*7i 

too 

4.  5 

SO 

1 1  0 

IIS 

0.  0 

. 

t*.  5 

. 1 

57 

AMMONIA 

AMMONIA  IN  AIR 

Tests  in  which  hi  it1' (spheric  pressure  was 
maintained  during  tin-  propagation  of  flume  do 
not  appear  to  have  hi  eti  made  with  nniiiioiiin- 
air  mixtures;  hut  this  condition  was  approached 
ill  one  research  inrh’ded  ill  inole  G,  in 

which  a  rubber  stopper  at  the  top  of  the  test 
vessel  usually  jumped  from  its  seating. 

Influence  of  Pressure.— In  an  apparatus  in 
which  the  only  mixture  of  ammonia  and  air 
that  could  he  inflamed  at  atmospheric  pressure 
contained  21. fl  percent  ammonia,  the  limits  at 
Hi  atmospheres  were  17.1  and  28.8  percent 
ammonia,  and  at  3G  atmospheres  the  lower 


limit  was  about  17  percent.  Ignition  was  at- 
icmpied  by  the  electric  iusion  of  a  silver  win1 
(10).  In  the  50-lilcr  bomb  (W?)  tin  lower 
limit  was  unchanged  between  1  and  20  atmos¬ 
pheres  pressure. 

Influence  of  Temperature. — The  range  of 
flnmmaliility  of  ammonia-air  mixtures  is  wid¬ 
ened  ns  the  temperature  is  raised  to  450° 
as  shown  by  figure  !).  A  closed  tube  5  cm  in 
diameter  was  used.  The  ealeiilated  flame 
temperature  for  the  lower  limits,  horizontal 
propagation,  is  almost  constant:  therefore  the 
preliminary  heating  of  the  mixture  seeing 
merely  to  save  the  necessity,  so  to  speak,  for 
liberation  of  the  seme  amount  of  heat  by 
combustion  (354). 
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Table  6. — Limits  of  ammonia  in  air 


Upward  Propagation  of  Flame 


Dimensions  of  tube,  cm. 

Tube 

Limits,  percent 

KT 

Content  of 
aqueous 

Reference 

Diameter 

Length 

Lower  Hie 

vapor, 

percent 

No. 

7.  5 

150 

Closed 

i 

17.  1  | 

26.  4 

0.  !  -2.  5 

354 

6.  0 

(See  text! 

15.  0  [ 

28.  0 

Dried 

2SO 

5.  0 

150 

Closed. . 

-  -  i 

16.  1  1 

26.  6 

0.  4-2.  5 

3; >.} 

5.0 

150 

_ do  . 

! 

f 

1  »K  1  I 

j 

26.  6 

ISO 

Horizontal  Propagation  of  Flame 

7.  5 

150 

Closed 

17.  4  | 

2a  3 

0.  4  2.  5 

3',  4 

5.  0 

150 

do . , 

.... 

18.  2 

25.  5 

0.  4  2.  5 

S.54 

Downward  Propagation  of  Flame 

7.  5 

150 

Closed . 

No  propagation  _ 

0.  4-2.  5 

354 

5.  0 

150 

do . . . 

.  do 

130 

1.9 

.  "  ' 

-  do _ 

- do.  _ _ 

301 

Propagation  Throughout  a  Spherical  Venal  or  a  Bomb 


Sphere,  0.5  liter . .  Closed..  .  10.5  I  26. 8  1  ;  SOI 

Cylinder,  1.2  liters . do  .  .  16. 0  j  25.0  . _  ,  j?5<? 

Bomb,  50  liters.  .  ...do...  ...........  16. 0  107 

i  j 


FlCiCBE  9. — Limits  of  Flammability  of 


Ammonia- Air  Mixtures;  I  till  mure  of  Tcrnix-ratur:  ami  of  Direction  of 
Propagation  of  Flame. 
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If  the  mixture  of  ammonia  and  air  stands 
over  an  aqueous  solution  of  ammonia  (strength 
not  stated)  the  limits  are  rapidly  narrowed  by 
rise  of  temperature  until  at  about  44°  C.  they 
meet.  Above  this  temperature  the  amount  of 
water  vapor  is  sufficient  to  render  all  mixtures 
of  ammonia  and  air  nonflammable  (300). 

AMMONIA  IN  OXYGEN 

The  earliest  recorded  limits  known  to  the 
present  writers  are  those  for  ammonia  in  oxy¬ 
gen.  In  1809  W.  Henry  wrote  “With  a  greater 
proportion  of  pure  oxygen  gas  to  ammonia 
than  that  of  3:1,  or  of  ammonia  to  oxygen 
than  that  of  3  :  1.4,  the  mixtures  cease  to  be 
combustible”  (121).  These  proportions  cor¬ 
respond  with  25  and  68  percent  ammonia, 
respectively. 

Table  7  gives  modern  determinations  of  the 
limits  of  ammonia  in  oxygen,  in  closed  tubes. 


In  a  glass  bulb  100  cc.  in  capacity  the  limits 
at  85°  C.  and  380  mm.  pressures  are  21  and 
74.5  percent  (268). 

In  a  50-liter  bomb  the  limit  for  complete  in¬ 
flammation  when  ignition  was  central  de¬ 
pended  on  the  nature  of  the  source  of  ignition. 
The  lower  limit,  ignition  by  electric  spark  or 
guncotton,  was  15.9  percent;  by  a  mixture  of 
sulfur  and  potassium  chlorate,  13.5  percent 
(107). 

From  observations  with  a  split  Bunsen  flame 
the  lower  limit  of  ammonia  in  oxygen  was 
estimated  as  somewhat  less  than  15  percent 
and  the  higher  limit  as  somewhat  greater  than 
80  percent  (293). 

Influence  of  Pressure. — In  a  50-liter  bomb  the 
lower  limit  for  complete  combustion  was  13.5 
percent  at  1,  12.0  at  5,  10,8  at  10,  and  10.0  at 
20  atmospheres  (107). 


Taiile  7. — Limits  of  ammonia  in  oxygen  (closed  tube) 


1 

Dimensions  of  iutie,  cm.  | 

Direction  of  propagatioi 

Diameter 

1 

1 

length 

Upward 

Horizontal 

Downward 

Reference 

No. 

Lower 

Higher 

Lower 

Higher 

Lower 

Higher 

7.  5 

150 

14  8 

15.  8 

17.  3 

364 

5.  0 

l.r.O 

15.  3 

79 

10.  7 

79 

18.  i 

79 

354 

1.  7 

.  -  . 

21  0 

04.  6 

345 

t., 

18.  9 

09.  3 

SOS 

Influence  of  Temperature.-  In  a  closed  tube 
5  cm.  in  diameter  the  following  figures  were 
obtained  for  the  lower  limit  (354): 

lancer  limit  of  ammonia  in  oxygen  (closed  tube) 


gation  of  flame  in  closed  2-  and  3-inch-diameter 
tubes,  ns  follows: 

Limits  oj  ammonia  in  nitrous  oxide  (closed  tube) 


TVni'irfHiirp 
|{ttfih'iiU(l  )>rn|N«enli(>n 


•  c  !  i* 

rriwnl.  !  16.7 
do. ...  j  1*.  1 


250  4\  0 

14.  h  i  12.6 
15  #:  13. 5 


AMMONIA  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Oxygen  and  Nitrogen,  of 
Oxygen  and  Carbon  Dioxide,  and  of  Oxygen  and 
Argon.  — The  limits  of  ammonia  in  these  mix¬ 
tures  have*  Wen  determined  with  downward 
propagation  of  flame  in  1.5-  r.nd/or  1.7-ein.- 
dinmeter  tubes  (203. 

Atmosphere  of  Nitrous  Oxide. — A  very  old 
determination  gave  the  limits  of  ammonia  in 
nitrous  oxide,  conditions  not  staled,  as  alxml 
!7  and  67  percent  (12!).  Recently,  these 
limits  have  been  deduced  by  small  xtrn|K>ia- 
lions  of  the  limits  found  in  series  of  mixtures  of 
nitrous  oxide  and  air.  They  were  determined 
for  upward,  horizontal,  and  downward  props- 


HoriioiiUd  Downward  ! 

Tube  dlum- 

-  1 

pier  cm. 

'  Lower  j  Higher 

lower  Higher  .  turner 

Htftwr  | 

i  T.S 

!  'll  :  7i  p 

4  4  j  71. 7  |  (') 

71.7  ! 

5.0 

i 

1*  .1  71  » 

*•«  j  •'  «  |  A* 

710 

•  Tub*  hur*t  with  limit  mlilur*. 


The  lower  limits  were  difficult  to  determine 
because  violent  explosions  sometimes  occurred, 
sheltering  the  tubes,  with  mixtures  below  the 
limi’  for  normal  flame  propagation.  This  is 
ascribed  to  the  exothermic  decomposition  of 
nitrous  oxide  sensitized  by  small  amounts  of 
ammonia  (130). 

Increase  of  temperature  widens  the  range 
anpreeiublv  at  the  lower  limit,  slightly  at  the 
higher  limit  (130). 

Atmospheres  of  Air  and  Nitrous  Oxide. — The 
limits  of  ammonia  in  various  mixtures  of  air 


28 


LIMITS  OF  FLAMMABILITY'  OF  GASES  AND  VAPORS 


and  nitrous  oxide,  with  upward,  downward,  and 
horizontal  propagation  of  flames,  have  been  de¬ 
termined  in  a  2-inch-diameter  closed  tube.  They 
accord  fairly  closely  with  Le  Chetelier’s  rule, 
that  is,  mixtures  of  limit  mixtures  of  the  same 
sort  (lower  or  higher)  are  themselves  limit  mix¬ 
tures  (ISO). 

Atmosphere  of  Nitric  Oxide. — The  limits  of 
ammonia  in  nitric  oxide,  with  downward  prop¬ 
agation  of  flame  in  a  tube  1.8  cm.  in  diameter, 
are  approximately  20  and  G5  percent  (339). 

HYDRAZINE 

HYDRAZINE  IN  AIR 

The  limits  of  hydrazine  in  air,  with  upward 
propagation  of  flame  in  a  1-inch-diameter  tube 
open  at  the  upper  end,  ere  4.67  and  100  percent 
at  about  100°  C.  Hydrazine  decomposes  exo¬ 
thermically,  and  its  vapor  can  propagate  flame 
down  to  12  mm.  pressure  fat  29°  C.)  without 
the  assistance  of  air  or  other  supporter  of  com¬ 
bustion  (304). 

The  limits  of  85  percent  hydrazine  hydrate  in 
air,  determined  similarly  and  calculated  on  the 
assumption  of  complete  dissociation  of  the 
hydrate  at  the  temperature  of  the  tests  (about 
100°  C.),  are  equivalent  to  5.95  and  27.37  per¬ 
cent  N,H4  (304). 

HYDRAZINE  IN  OTHER  ATMOSPHERES 

Hydrazine  vapor  mixed  with  various  diluents 
is  capable  of  propagating  flame  within  the  fol¬ 
lowing  concentrations,  at  temperatures  ranging 
from  1«M°  to  135°  C.  and  roughly  atmospheric 
pressure  (304): 


DU  owl  l 


Hytlrnrinc  Until*, 
jwrcvnt 

Lower  Higher 


Nltroftrn  3*  u  *, oft 

HcMutn  '.  3?  i»  !<» 

w»t«r  . .  an.  u  •  n*> 

HepUn*  . i  WM  !UQ 


In  closed  tubes  1.5  meters  in  length  and  of 
different  diameters  the  limits  for  mixtures  con¬ 
taining  1  percent  water  vapor  were  as  follows 

(356): 


Limits  of  hydrogen  sulfide  in  air  (1  percent  water 
vapor)  in  closed  tubes,  percent 


Direction  of  propagation  of  llanie 


Diameter  of  tube, 
cm. 


Upward  Horizontal  Downward 


Lower  j  Higher  j  Lower  j  Higher  (  Lower  |  Higher 


5.0 .  4.  40  A\.  5  ft.  40  20.  **»  •  6,  05  \9.  K 

7.5  . .  I  4. 30  >  45.  ft  ft.  30  3ft.  0  5. 85  |  21. 3 

i  ! 


The  limits  in  a  closed  horizontal  tube,  4.5 
cm.  wide  and  75  cm.  long  with  spark  ignition 
at  the  center,  are  given  as  3.1  and  45.1  percent 
( 2SS ).  The  great  difference  between  these 
figures  and  the  corresponding  figures  in  the 
tabulation  above  was  not  discussed. 


HYDROGEN  SULFIDE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Nitrogen  and  Oxygen. — The 
lower  limit  of  hydrogen  sulfide,  with  downward 
propagation  of  flame  in  a  closed  glass  tube 
150  cm.  in  length  and  5  cm.  in  diameter,  foil 
steadily  from  6.60  percent  in  15.6  percent 
oxygen  to  4.93  in  66.6  percent  oxygen  (360). 

Atmospheres  of  Air  and  Carbon  Dioxide. — 
With  increasing  amounts  of  carbon  dioxide 
added  to  nir,  the  limits  of  hydrogen  sulfide 
approach  and  ultimately  meet.  In  a  closed 
horizontal  tube  4.5  cm.  wide  and  75  cm.  long 
with  spark  ignition  at  the  cent  >r,  about  25 
percent  of  carbon  dioxide  in  the  mixture  is 
sufficient  to  prevent  any  mixture  inflaming 
completely,  and  aimtit  36  percent  prevents 
partin!  inflammation  (JS 3). 

Atmosphere  of  Nitric  Oxide. — The  limits  of 
hydrogen  sulfide  in  nitric  oxide,  with  downward 
propagation  of  flame  in  u  tube  18  mm.  in 
diameter,  arc  approximately  2!)  and  55  per¬ 
cent  (339). 


With  a  spark  which  gave  a  pressure  limit  of  35 
mm.  for  pure  hydrazine,  the  following  results 
were  obtained.  At  135  nun.  (and  100°  C\)  the 
lower  limit  in  nitrogen  is  48.6  percent;  at  147 
mm.  in  ammonia  it  is  61.2  percent;  at  332  mm. 
in  5N.  4-  NO  it  is  27.1  percent  15). 

:  '"DROGEN  SULFIDE 

HYDROGEN  SULFIDE  IN  AIR 

In  a  horizontal  tube  6  cm.  in  diameter  and 
open  at  both  ends  the  limits  of  hydrogen  sulfide 
in  air  were  5.9  and  27.2  percent  (133). 


HYDROGEN  CYANIDE  (PRUSSIC  ACID' 

The  limits  of  hydrogen  cyanide  in  air  e.  e 
said  to  be  12.75  and  27  percent,  but  the  t  «»-•.-> 
mental  conditions  were  not  stated  (5;?).  ,’.r.,er 

imports  give  5.6  and  40.0  percent  (355 )  mid, 
in  a  50-ec.  pipette.  7  and  41  percent  (37 In  ns 
the  limits.  A  figure  of  “around  8  percent’'  is 
noted  for  the  lower  limit  in  unstated  lim¬ 
it  ions  (16). 

Influence  of  Preasure. — In  a  50-er.  pipette  the 
range  of  flammability  narrows  with  reduction 
of  pressure,  the  limits  meeting  at  about  50 
mm.  (379). 
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CYANOGEN 

Table  8  gives  observed  limits  of  flammability 
of  cyanogen  in  air  (265).  Other  observations, 
under  unstated  conditions,  gave  the  limits 
7.6  and  38.0  percent  (S26),  and,  in  small  vessels, 
9.8  and  24.6  percent  (8)  and  6.6  and  42.6 
percent  (9). 

For  the  results  tabulated,  ignition  was  by 
electric  spark  between  tungsten  electrodes 
4  to  5  mm.  apart.  No  dry  mixture  was  ig- 
nitible  by  this  spark  in  the  two  wider  tubes, 
but  a  brightly  red-hot  tungsten  filament  in 
the  2.5-cm.-diameter  tube  ignited  mixtures 


within  the  range.  19  to  26  percent  cyanogen, 
after  a  delay  of  up  to  30  seconds.  The  resulting 
ignition  resembled  a  detonation  and  shattered 
the  tube. 

Within  the  range  given  in  the  table  for  each 
of  the  higher  limit  figures,  propagation  was 
obtained  if  the  tube  had  been  evacuated  to 
0.01  mm.  before  introduction  of  the  mixture, 
but  not  if  it  had  been  evacuated  to  0.001  mm. 
for  at  least  15  minutes  (265). 

Influence  of  Pressure, — The  effect  of  reduced 
pressure  on  the  limits  of  ignitibility  by  a  weak 
standard  spark,  rather  than  on  the  l'  lits  of 
flammability,  has  been  examined  (5). 


Table  8 . — Limits  oj  flammability  oj  cyanogen  in  air 

Upward  Propagation  of  Flame 


I 


Dimensions 

of  tilin',  cm. 

length  | 

Tlltx; 

Limits, 

percent 

Content  of  aqueous  vapor 

Diameter 

Lower 

Higher 

3.  .I 

00 

Closed . . . 

6.  IF 

30.  8-32.  0 

Nearly  saturated. 

2.  5 

00 

do  . . 

6.3 

29.  8-31.  0 

Do. 

2.  0 

80 

.do  ..  . .  . 

6.  55 

29.  0-30.  1 

Do. 

2.  0 

00 

.do  . . .  - 

18.0 

28.  0-28.  8 

Drv. 

!.  5 

00 

. .  -.do  . 

7.  1 

28.  35-29.  3 

Nearly  saturated. 

t.  5 

00 

do  .  . 

17.  25 

29.  2-30.  I 

Dry. 

Downward  Propagation  oJ  Flame 


3.  5 

60 

Closed  _ 

_  6.  4 

30.  1  -30. 

6  i 

Nearly  saturated. 

2  5 

00 

.  do  _ _ _ _ 

.....  6.  45 

28.  2-28. 

7 

Do. 

2.  0 

O' 

do  . 

.  .'  0.  70 

27.  3-27. 

9  : 

Do. 

2  0 

00 

..do 

.  ..;  D>. 5 

25  35-25. 

8 

Drv. 

1  5 

60 

.do  . 

...J  7.25 

20  2-2(1. 

*?  ■ 

Nearly  saturated. 

1.  8  : 

60 

_ do  . 

....1  17.7 

20.  2-26. 

6 

Dry. 

CARBON  DISULFIDE 
CARBON  DISULFIDE  IN  AIR 

The  limits  of  carbon  disulfide  in  air  with  up¬ 
ward  propagation  of  flame  in  a  tube  0  cm.  in 
diameter  and  1  HO  cm.  in  length,  open  at  the 
firing  end,  are  about  1.35  and  44.5  pereent 
(185):  in  a  tube  5  cm.  in  diameter,  1.25  percent 
is  the  lower  limit  (188). 

Table  9  summarizes  other  determinations  of 
the  limits  of  carbon  disulfide  in  air. 

Two  older  determinations  are  replaced  by  the 
foregoing  results  ( 218,  2.(0).  A  determination 
in  a  very  small  vessel  gave  the  limits  ns  C.S  ami 
52.6  percent  (9). 

Abnormal  Influence  of  Small  Quantitie*  of  a 
Third  Substance. — lo'toduction  of  0.1  or  0.2 
percent  of  certain  substances  into  the  air  raises 
the  lower  limit  (downward  propagation  of 
flame)  of  earlion  disulfide  from  1.9  to  about  3.0 


pereent .  Examples  of  these  are  pentane,  ether, 
acetaldehyde,  ethylene,  alcohol,  and  acetylene. 
Other  substances  of  similar  action,  hut  not  so 
marked,  are  benzene,  acetone,  hydrogen  sulfide, 
acetic  acid,  methane,  and  hydrogen.  Carbon 
monoxide,  cyanogen,  and  nitrogen  have  litde, 
if  any,  such  action.  It  has  been  suggested 
that,  as  the  lower  limit  of  carbon  disulfide  is 
much  less,  compared  with  that  of  most  other 
substances,  than  its  heat  of  combustion  would 
indicate,  its  combustion  is  catalyzed  by  a 
product  of  incomplete  combustion,  perhaps 
carbon  monosulfidc.  and  the  catalyst  is  readily 
poisoned  bv  such  substances  as  pentane  (360). 

Small  amounts  of  diethyl  selouide,  tin  tetra- 
nicthyl,  and  lend  tetramethyl  have  a  similar 
effect;  0.2  pereent  of  these  substances  raises 
the  lower  limit  for  downward  propagation  of 
flame  m  a  .Win.  tube  from  1.90  to  3.70,  3.45, 
and  3.00  percent,  respectively  (250) . 
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Table  2. — Summary  of  other  determinations  of  limits  of  carbon  disulfide  in  air 

Upward  Propagation  oi  Flam* 


Dimensions  of  tube,  cm. 

1 

Firing  end 

Far  end 

Limits,  percent 

Content  of 
aqueous 
vapor 

Reference 

No. 

Diameter 

Length 

Lower 

Higher 

7.  6 

150 

Closed-  _  _ 

Closed _ 

t.  06 

Drv _ _ 

S5S 

5.0 

150 

_ do . 

_ do _ 

1.  4i 

1  50.  0 

_ do . 

3,53 

2  5 

J50 

_ _ do _ 

. do _ 

1.  71 

do 

353 

1  1  1 

Horizontal  Propagation  oi  Flame 


150 

Closed _ 

Closed _ 

1 

1.  67  1 _ 

Drv. _ 

3,53 

150 

_ -do _ 

_ do _ 

1.  83  I 

'  49.  0 

_ do _ 

3.53 

150 

_ .do _ 

. do _ 

2  08  I  __ 

__do _ 

353 

1 

7.5 
5.  0 

2.5 


Downward  Propagation  oi  Flame 


7.  5 

150  Closed _ 

!  Closed _ 

1.  91 

35.  0  i  Drv _ 

353 

5.  0 

150  1 _ do _ 

_ do _ 

2  03 

3 1.  0  do _ 

353 

50 

65  Open  (?) _ 

_ do _ 

1.  90 

37.  0  _ 

250 

2  5 

150  t  Closed  _ 

- do - 

2  08 

31.  0  Drv . .  . 

3,53 

Bnt.tlp.  2  liters  Oran  . 

_ do _ 

1.  94 

221 

! 

, 

i 

utafc. 


Influence  of  Pressure.— The  effect  of  reduced 
pressure  on  the  limits  of  ignitibility  by  a  weak 
standard  spark  of  carbon  disulfide  in  air,  rather 
than  on  its  limits  of  flammability,  have  been 
examined  (8).  Higher  limits  at  90  to  210  mm. 
pressure  have  been  given  for  a  50-ee.  pipette 
{279). 

CARBON  DISULFIDE  IN  OTHER  ATMOSPHERES 

Nitrogen  and  Oxygen. — The  lower  limit  of 
carbon  disulfide,  with  downward  propagation 
of  flame  in  a  closed  glass  tube  o  cm.  in  diameter 
and  15C  cm.  in  length,  fell  steadily  from  2.63 
percent  in  11.8  percent  oxygen  to  2.00  in  air 
and  1.24  in  93  percent  oxygen  (360). 

Air  end  Carbon  Dioxide. — One  volume  of  car¬ 
bon  disulfide  needs  22.2  volumes  of  carbon 
dioxide  to  make  a  mixture  that  is  nonflammable 
in  air  ( 185 ).  The  higher  limits  at  reduced 
pressures  have  been  given  for  some  mixtures 
m  a  50-cc.  pipette  (279). 

Air  and  Carbon  Tetrachloride.— One  volume 
of  carbon  disulfide  needs  5  2  volumes  of  carlmn 
tetrachloride  to  make  a  mixture  that  is  non¬ 
flammable  in  air.  This  figure  is  much  reduced 
by  adding  to  the  carbon  disulfide  5  to  20  percent 
ethyl  bromide,  tin  tetramethyl,  or  gasoline 
(boiling  point,  45°  to  50°)  (251).  Another 
observation  is  that  1  volume  of  carlion  disulfide 
needs  7  to  9  volumes  of  carbon  tetrachloride 
to  make  a  mixture  that  is  nonflammable  in  air 


(downward  propagation  of  flame)  (290).  An¬ 
other  result  seems  impossibly  small  (282). 

Air  and  Other  Substances. — All  mixtures  of 
air  and  carbon  disulfide  are  rendered  nonflam¬ 
mable  (downward  propagation  of  flame)  by  55 
percent  of  a  mixture  of  23.6  percent  carbon 
dioxide  and  76.4  percent  nitrogen,  by  20  percent 
ammonia,  or  by  45  percent  sulfur  dioxide  (290). 

Nitrous  Oxide,  Nitric  Oxide,  and  Nitrogen 
Peroxide. — The  limits  of  flammability  of  carbon 
disulfide  in  nitrous  oxide  in  an  electric  light, 
bulb  (ignition  by  fusion  of  a  wire)  were  alrout  1 
and  52  percent  at  350  nun.  pressure.  As  the 
pressure  is  reduced,  the  limits  approach  each 
other,  and  below  14  turn.,  no  mixture  is  flam¬ 
mable  (344)-  The  limits  in  nitric  oxide  under 
the  same  conditions  are  4.5  and  59  percent  n» 
400  mm.  pressure;  below  30  nun.  no  mixture 
is  flammable  (343). 

The  limits  of  rarlxni  disulfide  in  any  mixture 
of  nitrous  and  nitric  oxides,  at  150  mm.  pres¬ 
sure,  con  be  road  from  curves  in  the  original 
bulletin  (344). 

Limits  of  ignitihility  bv  a  weak  spnrk  (rather 
than  limits  of  llnnminbilit v  ns  claimed)  of 
carbon  disulfide  in  nitric  oxide  and  in  nitrogen 
peroxide  hove  been  recorded  (8). 

CARBON  OXYSULFIDE 

The  iuuits  of  carbon  oxysuifide  in  air,  ob¬ 
served.  perhaps,  in  a  eudiometer  tube  were 
11.9  ami  2X.5  percent  (!20). 
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CARBON  MONOXIDE 

CARBON  MONOXIDE  IN  AIR 

When  a  small  spark  was  passed  near  the 
lower  confines  of  a  carbon  monoxide-air  mixture 
standing  over  water  in  a  vessel  6  feet  high  and 
12  inches  square  in  section,  the  following 
observations  were  made  (63): 

12.3  and  12.33  percent  carbon  monoxide. — 
Stout  ring  of  flame  was  formed,  but  flame  did 
not  travel  the  whole  length  of  the  vessel, 

12.5  and  12.7  percent  carbon  monoxide. — 
A  ring  of  flame  first  formed,  then  broke  and 
filled  the  upper  part  of  the  vessel  with  striae 
of  flame. 

12.9  percent  carbon  monoxide. — A  flame  as 
wide  as  the  vessel  itself,  with  a  strongly  curved 
convex  front,  passed  slowly  and  steadily  up 
through  the  whole  mixture. 

In  a  wide  space,  therefore,  it  was  concluded 
that  the  lower  limit  of  carbo^  monoxide  in  air 
was  12.5  percent  carbon  monoxide. 

The  higher  limit  of  flammability  has  not  been 
determined  in  large  vessels,  but  experiments 
in  a  wide,  short  vessel  and  in  a  long,  narrow 
vessel  have  indicated  (6 If)  that  the  higher  limit 
in  a  large  volume  is  about  74.2  percent  car¬ 
bon  monoxide. 

The  figures  for  both  limits  refer  to  gases 
saturated  with  water  vapor  at  18°  to  19c  C. 
When  water  vapor  is  removed  as  completely  as 
is  )Mssible  in  laboratory  experiments,  the  most 
explosive  mixtures  o?  carbon  monoxide  and 
oxygen  can  be  ignited  only  by  unusually 
powerful  electric  sparks,  but  passage  over 
calcium  chloride  raises  the  lower  limit  of 
cnrbon  monoxide  in  air,  in  a  tube  2  inches  in 
diameter,  from  13.1  to  15.9  percent  (70). 
Other  experiments  with  roughly  dried  mixtures 
gave  the  limits  15.8  and  <58.5  percent  for  a 
2-inch-diftmetor  tube,  14.5  and  G8.4  percent 
for  a  4-inch  tube  (33). 

The  limits  with  downward  propagation  of 
flame  have  not  been  determined  in  large  vessels. 

Observations  in  Small  Vessels. — The  lower 
limit  with  upward  propagation  observed  in 
closed  vessels  rose  somewhat  as  the  diameter 
of  the  container  was  decreased ;  the  limits  were 
12.8,  13.1,  and  13.2  percent  in  3-,  2-,  and  l  lmh 
tubes,  respectively.  The  corresponding  higher 
limits  were  72,  72,  and  71  percent  (356). 

Figure  10  indicates  the  limits  with  downward 
propagation  in  tubes  of  various  diameters 
The  limits  narrow  rapidly  when  the  diameter 
of  the  tube  fails  Inflow  1  cm.  and  coineide  when 
ii  is  a  little  more  titan  2  mm. 

The  lower  limit  with  horizontal  propagation 
(356)  in  closed  tithes  is  15.9  percent  v't)  for  a 
luho  25  nun.  in  diameter,  14.1  percent  C< )  for  a 
50-mm.  tu lay  and  13.G  percent  CO  for  a  75-nun. 


tube.  The  limits  for  propagation  throughout 
a  closed  35-ce.  globe  with  side  ignition  are  14.2 
and  74.7  percent  (297),  and  for  propagation  in  a 
350-cc.  glebe  with  ignition  near  tne  lowest 
point,  12.7  and  75.4  percent  (368). 

In  round  figures,  therefore,  the  limits  for 
carbon  monoxide  in  air  saturated  with  water 
vapor  at  laboratory  temperature  and  pressure 
are  12.5  and  74  percent  CO  for  upward  propa¬ 
gation,  13.5  percent  CO  (lower  limit)  for  hori¬ 
zontal  propagation,  and  15  and  71  percent  CO 
for  downward  propagation.  The  figures  for 
horizontal  and  downward  propagation  are 
based  on  observations  in  closed  tubes  in  which 
the  gases  were  under  variable  pressure  during 
the  experiment. 

Influence  of  Pressure. — Figure  1 1  shows  the 
limits  of  carbon  monoxide  in  air  under  pressures 
greater  than  atmospheric  (17,  18,  824).  The 
effect  of  raising  the  initial  temperature  to  100° 
C.  and  of  saturation  with  water  vapor  at  100° 
C.  is  shown  for  pressures  of  32  and  64  atmos¬ 
pheres.  The  range  of  flammability  of  dry  mix¬ 
tures  is  narrowed  by  increase  of  pressure. 

At  higher  pressures  than  those  in  figure  11 
the  range  of  flammability  widens  somewhat, 
until  at  800  atmospheres  the  limits  are  19.2 
and  57  percent  carbon  monoxide  (10). 

Somo  old  experiments  below  atmospheric 
pressure  gave  the  following  limiting  pressures 
of  flammability,  with  downward  propagation 
of  flame  in  several  mixtures  of  carbon  monoxide 
and  air  (220): 

Limiting  pressures  for  doumvxird  propagation  oj 
flam* .  carbon  monoxide-air  mixtures 

j  r^vmr»  Pr*-.nr* 
it  which  i  it  which 

CVbon  tuonoiid*.  ,*rcnt  fl*®' 

•  prop*  not  prop* 

!  |pt«d.  j  gaitd, 
nun.  earn. 


16.4  . . . !  454  {  411 

1*6 . . ;  144  112 

« . .  1*9  ,  79 

46.5  » .  94  1  79 

*  The  lfc*t  mixture  In  this  U»t  rouM  not  ho  IfrtUM  it  76  mm. 
ellher  by  in  tmiuctton-coll  epark  or  by  the  flame  of  guncotton 

More  reeent  experiments,  made  in  a  burette, 
indicated  a  small  increase  in  the  higher  limit 
as  the  pressure  was  reduced  (86). 

Influence  of  Temperature.-- Four  sets  of  ob¬ 
servations  have  l>eon  made  (12.  220.  297.  358) 
on  the  influence  of  temperature.  Probably  the 
most  reliable  results  are  those  (358)  in  table  10, 
determined  in  a  closed  tube  2.5  cm.  in  diameter 
and  150  cm.  in  length,  with  downward  propa¬ 
gation  of  flame,  ’these  results  nre  plotted  in 
figure  12  with  two  older  approximate  values 
indicated  by  stars  (220)  that  extend  the  lower 
limit  results  to  nearly  t>(KJ°  C. 
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Figure  10. — Li  mil*  of  Flammability  of  Carbon  Monoxide  in  Air  (Downward  Propagation),  Showing  Kltoct  of 

Diameter  of  Tube. 


At  659°  C.  a  5.f>5-percent  mixture,  was 
inflamed  (216)]  at  727°  an  82. 9-pcrcent  mix¬ 
ture  was  inflamed  (288). 


Table  10. — Influence  of  temperature  on  limits  of 
flammability  of  carbon  monaritU  in  air 
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The  flame  temperature  necessary  to  prop¬ 
agate  flame  downward  is  much  above  the  igni¬ 
tion  temperature  (650°  C.)  of  a  jet  of  carbon 


monoxide  in  air.  It  is  remarkable  that  the  cal¬ 
culated  flame  temperatures  for  the  higher-limit 
mixtures  should  be  so  much  lower  than  those  for 
the  lower  limits;  an  ad  hoc  explanation  is  that 
the  higher-limit  mixtures  react  more  rapidly 
than  those  of  the  lower  limit,  as  the  law  of  mass 
action  points  to  most  rapid  reaction,  at  constant 
temperature,  m  the  mixtuii  that  contains  fit). 7 

Screen!  carbon  monoxide;  but  the  difference  in 
ante  temperatures  for  the  two  limits  seems  too 
great  to  he  thus  explained 

The  influence  of  temperature  on  the  limits  at 
high  pressuri's  is  shown  in  figure  11. 

Influence  of  Impurities. — The  lower  limit  of 
carbon  monoxide  in  air,  with  downward  prop¬ 
agation  of  flame,  was  raised  .$  percent  by  addi¬ 
tion  of  iron  arhonvl  (0.028  oc.  liquid  vaporized 
per  lit*T).  The  higfier  limit  was  reduced  from  t>9 
to  about  42  percent  by  addition  of  iron  carbonyl 
(0.022  er.  liquid  vaporized  per  liter)  (.id.> ) . 

The  lower  limit,  with  upward  propagation  of 
flame  in  a  2-inch-diameter  tulie,  was  not  affected 
by  the  addition  of  0.2  or  1.0  percent  of  nitric 
oxide  (70). 
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Fir.  irk  11. — KfTect  of  Pressures  Al>ove  Normal  on  Limits  of  Carlam  Monoxide  in  Air. 


Kiel' Mi  12. — Limits  of  ilaminaLility  of  Cnrl«ni  Monoxide  in  Air  (Downward  Pro|»ag*lioi!  of  Flame; 

Inllueisee  of  Teiina-ralure. 


Showing 
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LIMITS  OF  FLAMMABILITY  OF  GASES  AND  VAPORS 


CARBON  MONOXIDE  IN  OXYGEN 

The  second  earliest  recorded  limits  known  to 
the  present  writers  are  those  for  carbon  monox¬ 
ide  m  oxygen.  In  1810  Jolin  Dalton  wrote 
«  *  *  *  unless  the  carbonic  oxide  amount  to 
at  least  one-fifth  of  the  mixture,  it  will  not  ex¬ 
lode;  and  the  oxygen  must  be  at  least  one- 
fteenth  of  the  mixture”  (76a) . 

The  limits  of  carbon  monoxide  in  oxygen, 
with  downward  propagation  of  flame  in  a  Bunte 
burette  19  mm.  in  diameter,  were  16.7  and  93.5 
percent  in  nearly  pure  oxygen  (323) ;  in  a  closed 
tube  17  mm.  in  diameter,  16.7  and  93.9  percent 
(343).  For  propagation  throughout  a  35-cc. 
globe  with  side  ignition  the  limits  were  15."  and 
93.9  percent  (297).  Earlier  observations  are 
consistent  with  these  figures,  except  that 
Wagner’s  low-limit  figure  was  too  high  because 
he  used  a  weak  source  of  ignition  (243,  346). 

Influence  of  Pressure. — The  limits  were  not 
appreciably  narrowed  until  the  pressure  was 
reduced  below  150  mm.,  when  a  moderately 
strong  igniting  spark  was  used.  At  lower 
pressures  ignition  becomes  difficult  to  insure 
(66,  86). 


Influence  of  Temperature. — In  a  35-cc.  closed 
bulb  the  limits  were  15.5  and  93.9  percent  at 
15°  C.  and  14.2  and  95.3  at  200°  C.  (297). 

CARBON  MONOXIDE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Composition  Between  Air 
and  Pure  Oxygen. — With  downward  propaga¬ 
tion  of  flame  in  a  Bunte  burette  1.9  cm.  in  diam¬ 
eter  the  lower  limit  rose  gradually  from  15.6 
percent  carbon  monoxide  in  air  to  16.7  percent 
in  nearly  pure  oxygen.  The  higher  limit  rose 
from  70.9  percent  carbon  monoxide  in  air  to 
87.6  in  a  51-percent  oxygen  mixture,  91  percent 
in  a  71-pcrcent  oxygen  mixture,  and  93.5  per¬ 
cent  in  nearly  pure  oxygen  (32S). 

Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen). — The  limits  of  flammability 
of  carbon  monoxide  in  all  mixtures  of  air  and 
nitrogen,  or  air  from  which  part  of  the  oxygon 
has  been  removed,  are  shown  in  figure  13.  The 
determinations  were  made  in  a  tube  6  feet  in 
length  and  2  inches  in  diameter,  with  upward 
propagation  of  flame  from  an  open  end  (133). 
From  the  ordinates  of  the  “nose”  of  this  curve 
it  may  bo  ealculated  that  no  mixture  of  carbon 


OXYGEN  !N  ORIGINAL  ATMOSPHERE,  PERCENT 


Kiccrk  13.-  l.imiu  of  Flaminubilily  of  Carbon  Monoxide  in  Air  and  Carlxm  Dioxide  or  Nitrogen. 
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Fiocre  M. — Relation  Between  Quantitative  Composition  and  Expiosibility  of  Mixtures  of  Carbon  Monoxide, 

Air,  and  Nitrogen. 


monoxide,  nitrogen,  and  air  at  atmospheric 
pressure  and  temperature  is  capable  of  prop¬ 
agating  flame  if  it  contains  less  than  5.G  percent 
oxygen  (/ 67). 

For  some  purposes  the  results  arc  more  useful 
when  expressed  (02)  as  in  figure  14.  For 
example,  a  mixture  that  contains  20  (tcrccnt 
carbon  monoxide,  8  percent  oxygen,  and  the 
remainder  nitrogen  is  explosive.  If  the  oxygen 
is  reduced  to  4  percent  anti  the  carlton  mon¬ 
oxide  remains  at  20  percent  (In'  mixture  is  no 
longer  explosive  hut  will  become  so  on  admix¬ 
ture  with  suitable  amounts  of  air.  If  the  carbon 
monoxide  is  loss  than  20  percent  ami  oxygen  is 
absent,  no  mixture  with  air  is  flammable. 

In  figure  14,  “impossible  mixtures"  cannot 
be  produced  bv  mixing  air.  nitrogen,  and  enrlmn 
monoxide.  brr  more  detailed  explanations 
compurc  the  corresponding  section  on  methane 
limits  in  mixtures  of  air  and  nitrogen. 

The  limits  with  downward  pn>pagation  of 
flame  in  a  closed  tula1  2.2  cm.  in  diameter  have 
also  beer,  determined  (341). 


All  Atmospherts  of  Oxygen  and  Nitrogen. — 
The  limits  of  earl/on  monoxide  in  all  mixtures  of 
oxygen  and  nitrogen,  with  downward  prop¬ 
agation  of  flame  in  tubes  1.5  and  1.7  cm.  in 
diameter,  are  given  in  triangular  diagrams 
(22S.  M). 

Atmospheres  of  Air  and  W  iter  Vapor. — The 
limits  of  mixtures  of  earixui  monoxide  and  air 
standing  over  water  in  a  350-cc.  spherical 
vessel,  and  ignited  near  the  water  surface,  have 
been  determined  at  various  temperatures.  As 
the  temperature  rises,  and  consequently  the 
water-vapor  content  also,  the  lower  limit  rises 
slowly  ami  the  higher  limit  falls  rapidly,  as  with 
other  diluettis.  'Alien  54  percent  of  water  vapor 
is  present  the  limits  coincide  at  about  18  percent 
carbon  monoxide  (SOS). 

Earlier  experiments,  made  in  a  Bunte  burette, 
show  similar  e'Tcets,  but  the  range  of  flamma¬ 
bility  Ls  narrower  {!>■'>). 

Drving  by  calcium  chloride  lias  an  appreciable 
effect  on  the  lowei  limit  of  carbon  monoxide  in 
air  (p.  31;, 
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LIMITS  OF  FLAMMABILITY 

Atmospheres  of  Air  and  Carbon  Dioxide. — 
The  limits  of  flammability  of  carbon  monoxide 
in  a1!  mixtures  of  air  and  carbon  dioxide  can  be 
read  from  one  of  the  curves  in  tip  ire  13.  The 
determinations  were  made  in  a  tube  fi  feet  in 
length  and  2  inches  in  diameter,  with  upward 
propagation  of  flame  at  atmospheric  pressure 
during  propagation  (/•>.>,  Ii>7). 

Earlier  observations  (■'>■'> )  show,  as  might  be 
expected,  more  rapid  narrowing  of  the  limits  in 
Bunte  burette  experiments. 

The  limits  with  downward  propagation  in  a 
closed  tube  2.2  cm.  in  diameter  have  also  been 
determined  (.>.(/). 

Atmospheres  of  Air  and  Argon  or  Helium. — 
The  limits  of  carbon  monoxide  in  mixtures  of  air 
with  argon  and  with  helium,  with  downward 
propagation  of  flame  in  a  closed  tul  <•  2  2  cm.  in 
diameter,  have  been  determined 

Atmospheres  of  Air  Mixed  with  Vapors  of 
Halogenated  Hydrocarbons. -  The  “theoreti¬ 
cal"  mixture  of  carbon  monoxide  and  air  (J'.t.f* 
t  ercent  ('01  was  rendered  nonflammable  in  a 
4. 4-em. -diameter  tube,  open  at  the  firing  end, 
by  («)  2.05  percent  of  carbon  tetrachloride  for 
upward  propagation  of  flame  and  {!>)  I.lti 
percent  for  downward  propagation.  On  reduc¬ 
ing  llie  percentage  of  nitrogen,  more  carbon 
tetrachloride  was  required,  and  on  increasing  it 
less  was  required,  hut  the  ratio  of  (a)  to  (b) 
remained  constant  (.'(/). 

Series  of  results  showing  the  lower  and 
higher  limits  of  carbon  monoxide  in  air  con¬ 
taining  increasing  amounts  of  the  vapors  of 
dichloroethy  lone  ami  trichloroethx  lone  hav  e 
been  reported;  they  Were  observed  ill  small 
burettes  i5  mm.  in  diameter,  s(,  have  limited 
value  mm.  Similar  experiments  have  been 
made  with  the  vapors  of  other  halogen  deriva¬ 
tives  mV>\S‘), 

The  addition  of  increasing  amounts  of 
methyl  bromide  to  the  air  causes  toe  limits  <>f 
carbon  monoxide  to  approach  ami,  in  a  2-meti- 
diailleter  tube,  to  meet  W  bell  ‘>.2  percent  of  the 
mixture  is  methyl  bromide  t •vVh  For  a  com¬ 
ment,  compare  the  corresponding  paragraph  on 
hydrogen  t(. .  22  >. 

Atmospheres  in  Which  Nitrogen  cf  the  Air  Is 
Replaced  l>y  Carbon  Dioxide.  In  a  rio— -,|  35- 

rc.  globe  with  side  ignition  ’fie  limits  were  21. S 
and  72  K  percent  carbon  monoxide  in  a  mixture 
of  20. it  percent  oxygen  a  ,d  7'h!  pcreciii  carbon 
dioxide  compar'd  wiib  14.2  and  74.7  percent, 
respectively.  i;i  air  in  the  same  apparatus  i.2.'»?t. 
Some  earlier  iigsrvs  (■>’/!)  nay  be  regarded  ns 
supplanted  by  those  ills!  quoted,  Results 
showing  the  inline. te.  cf  t  mperature  on  limits 
in  this  series  are  irregular. 

Atmospneres  of  Oxygcv.  and  Carbon  Dioxide 
and  of  Oxygen  and  Argon.  Limits  in  these 
atmospheres  have  been  del -•rinincu  with  down- 


0F  GASES  AND  VAPORS 

ward  propagation  of  flame  in  a  1 .7-cm.-diamcter 
tube 

Atmospheres  of  Oxygen  and  Chlorine. — The 
limits  of  carbon  monoxide  in  mixtures  of  oxygen 
and  chlorine,  with  downward  propagation  of 
flame  in  a  tube  15  nun.  in  diameter,  are  plotted 
in  a  triangular  diagram.  No  mixture  of  carbon 
monoxide  and  chlorine  w  as  flammable  (J‘S ) . 

Atmospheres  of  Nitrous  and  Nitric  Oxides.— 
The  limits  of  carbon  monoxide  in  nitrous, 
oxide,  with  downward  propagation  of  flame  in 
a  15-inm.  burette,  are  Is. 7  and  X3.(i  percent 
in  nit  tie  oxide  (wrongly  called  nitrous 
oxide  by  the  author  a  Netherlands  chemist 
writing  in  English).  30. (I  and  -IS. 4  percent  i.22x’l. 
Th  e  region  of  llauimaliility  of  mi.xl  iires  of  carbon 
monoxide  with  mixtures  of  nitrous  and  nitric 
oxides  has  been  plotted  in  a  triangular  diagram 
but  the  spark  used  w  as  too  weak  to  ignite 
any  mixture  of  carbon  monoxide  and  nitric 
oxide  < 22. S ) . 

Dilution  of  2C0  (-O... — The  follow  ing  results 
were  obtained  with  downward  propagation  of 
flame  in  diluted  2(0  ()..  in  a  Bunte  burette 

10  nun.  in  diamoto-  i,'#5  c 

F.tfi i  t  of  ilihii  lit*  upon  Jhinii/nib’l'tn  of  J('t)  ■  O. 

1  *»  •  ifo,;,  :■/.'(  f».  »» 

«A:.A.  »  ■  ■? 

if.rt-  i.  i-  /•  -i  t 

I  t'-rn-w  iFr . 

:N>  I 

XitiMgiMt  *jr,.  i; 

(’.lrl-nri  «iit>\it|r 

Nitrogen  evidently  Inis  a  slightly  givalei 
exlim -live  action  than  oxygen,  although  ii  lias 
Ic'-s  heat  capacity;  carbon  dioxide,  which  lias 
mueh  great ei  heat  capacity,  also  has  a  giv:  cr 
extinctive  action 

CHLORINE 

ATMOSPHERE  OF  FLUORINE 

When  a  mixture  of  chlorine  and  fluorine  was 
sparkl'd  ill  a  small  cylindrical  lube,  a  yellowish 
red  llatnc  spread  ibrongli  the  lube,  in  coliijuoiicd 
by  an  explosion  when  the  proportions  of  the 
gn-cs  were  slidable.  On  diving  the  gases  and 
apparatus  completely  no  react  ion  occurred,  but 
on  admit t tog  moisture.  Ilame  and  explosion  wt  n 
once  more  obtained  (/OX!.  Although  l|i  liniils 
Were  not  obtained  <|l  ibese  experiments,  lltev 
show  that  chlorine  and  lluoriue  form  flammalde 
mixtures  under  certain  conditions. 

CHLORINE  MONOXIDE 

ATMOSTHERE  OF  OXYGEN 

All  mixtures  of  chlorine  monoxide  and  oxvgeii 
eontiimmg  more  than  2.1.5  percent  of  the  former 
arc  capable  of  propagating  timin'  upward  when 
"ignited"  by  a  spark  in  a  tube  3.4  .'in.  in  diam¬ 
eter  and  ‘.HI  c:n.  in  length  (  JX). 
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METHANE 

METHANE  IN  AIR 

When  a  spark  was  passed  near  the  lower 
confines  of  methane-air  mixtures  standing  over 
water  in  a  vessel  (S  feet  high  and  12  inches 
square  in  section,  the  following  observations 
were  made  (6W): 

,r>J  jit  m  tit  m<  thane. — A  vortex  ring  of  flame 
traveled  upward  about  12  inches,  broke,  and 
died  out  ns  a  tongue  of  flame  about  12  inches 
higher. 

o.o’  jxrcait  im  thane. — In  one  experiment  tiie 
ring  of  flame  resolved  itself  into  a  flame  that 
traveled  steadily  to  the  top  of  the  vessel;  in 
other  experiments  the  flame  became  extin¬ 
guished  during  a  violent  tiprusb  on  one  side. 

ii.ti  jiircint  mi tha m.  A  steady  flame  with  a 
convex  front  passed  throughout  the  mixture. 

These  experiments  have  been  repeated  with 
a  glass  cylinder  7  feet  in  lu  ight  and  It)  inches  in 
diameter.  The  limit  observed  was  5.32  percent 
methane.  Steady  conditions  were  obtained 
more  easilv  in  the  10-inch  tube  than  in  tlm  box 

Independent  observers  conducted  experi¬ 
ments  in  a  vessel  similar  to  that  first  described, 
which  led  them  to  eon  hide  that  the  lower 
limit  for  inflammation  upward  was  about  44) 
percent  methane  i  J5t.  Comparison  of  the  two 
sets  of  experiments  shows,  however,  that  they 
were  conducted  differently.  In  each  set  the 
gas  was  ignited  electrically  at  the  lower  end 
(if  the  vessel;  in  the  first  set  the  flame  traveled 
toward  the  closed  end  with  a  release  behind 
the  flattie,  but  in  the  second  set  the  flume 
traveled  from  the  closed  end  toward  a  paper 
diaphragm  that  "upon  ignition  broke  and 
gave  a  vent  for  the  burned  gases."  The 
authors  have  repeated  Imth  sets  of  experiments 
and  confirmed  both  results;  the  figures  obtained 
were  .VJS  percent  for  propagation  upward 
away  from  the  open  end  am!  5.01  percent  for 
upward  propagation  in  the  same  vessel  toward 
the  open  end.  However,  there  was  a  great 
difference  between  the  appearance  of  the  limit 
flames  in  the  two  tests  in  the  first  they 
appeared,  after  traveling  about  12  inches,  to 
he  spreading  from  side  to  side  of  the  vessel 
with  a  strongly  convex  front  and  to  travel  at 
uniform  speed:  in  the  second  the  flame  was 
apparently  not  continuous  from  side  to  side 
lmt  consisted  of  innutneruhle  vertical  streaks 
of  flame,  traveling  much  fast  or  and  evidently 
in  a  turbulent  mixture.  It  was  difficult  to  be 
sure  that  the  latter  flame  could  travel  indefi¬ 
nitely  and  not  be  extinguish  'd.  In  tin-  former 
experiments  the  flame  traveled  into  quiescent 
gas;  m  the  latter  the  flnm<‘  traveled  into  g;:- 
that  had  considerable  motion  on  account  of 
upward  ;;;c  ncti.ci. 


Hence,  the  conclusion  is  that,  in  a  wide 
sp-ce,  the  lower  limit  of  methane  in  air  saturated 
with  water  vapor  at  laboratory  temperature  is 
5.3  percent  methane,  but  that,  if  the  flame  is 
traveling  upward  from  the  closed  to  the  open 
end  of  a  vessel  in  gas  which  is  therefore  in  mo¬ 
tion,  it  may  travel  at  least  6  feet  when  the  pro¬ 
portion  of  methane  is  not  less  than  5  percent. 
Furthermore,  in  certain  circumstances  “the 
flames  of  mixtures  containing  5.3  to  5.6  percent 
of  methane  art  very  sensitive  to  extinction  by 
shock”  (68). 

The  higher  limit  of  methane  in  air  saturated 
with  water  vapor  has  been  determ. n  d  in  a 
glass  tube  7  feet  in  length  and  10  inches  in 
diameter  to  he  13.K7  percent  methane  (68). 
This  figure  may  be  taken  as  correcting  an  earlier 
and  higher  estimate  (<i'f)  based  on  observations 
in  short,  wide  vessels  and  long,  narrow  vessels. 

In  a  similar  vessel  with  a  paper  release  at  the 
top  equivalent  to  an  open  end,  the  h  gher  limit 
was  15.2  percent  under  the  condition  of  move¬ 
ment  imparted  to  the  gases  (4 5 ). 

Downward  Propagation  of  Flame. — in  &  large 
box  nearly  6  feet  long  and  12  inches  square  in 
section  the  limits  with  downward  propagation 
of  flame  in  a  quiescent  mixture  were  5.75  and 
13.6  percent  methane;  when  the  box  was  closed 
at  the  lop  and  open  at  the  bottom,  so  that 
motion  was  imparted  to  the  mixture  by  the 
expansion  on  burning,  the  lower  limit  with 
downward  propagation  was  5.45  percent  (45). 

Horizontal  Propagation  of  Flame. — In  tho 
same  box  tho  lower  limit  with  horizontal  propa¬ 
gation  was  5.55  percent  methane.  Tho  position 
of  tin*  open  end,  whether  behind  or  uhead  of  the 
flame,  was  not  stated  (45). 

In  a  horizontal  glass  cylinder  7  feet  in  length 
and  It)  incites  in  diameter  the  limits  with  propa¬ 
gation  throughout  the  length  of  the  tube  from 
open  to  closed  end  were  5.42  to  14.03  percent 
methane.  The  mixtures  were  only  partly 
saturated  with  water  vapor;  if  completely 
saturated,  tho  higher  limit  would  he  reduced 
somewhat,  probably  to  a  value  not  exceeding 
1.1S7  percent  methane--  that  with  upward 
propagation  in  the  saute  vessel  (68 \. 

Observations  in  Small  Vessels. — Numerous 
observations  have  been  made  of  tilt*  limits  of 
methane  in  small  vessels.  On  the  whole,  the 
results  are  fu  'iy  consistent,  as  shown  by  tables 
11  to  14  when  allowance  is  made  for  variation 
in  experimental  conditions.  Outstanding  dis¬ 
crepant  figures  nre  not  quoted  here,  because 
they  have  been  explained  as  due  to  faulty 
experiment  or  faulty  interpret  at  ion.  For  ex¬ 
ample,  in  at  least  one  research  it  is  certain  that 
the  mixtures  of  methane  and  atr  were  not  ho- 
jih!geivon<;  !!>  another  (27 N)  the  observation 
of  n  small  pressure  change  on  sparking  was 
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flammability;  in  a  third  {232)  the  flame  speeds 
in  a  series  of  flammable  mixtures  of  methane 
and  air  were  extrapolated  to  zero  speed,  the 
corresponding  composition  being  taken  as  the 
limit  of  flammability — an  error,  because  a 
“limit”  mixture  has  a  flame  speed  that  is  far 
from  zero.  Many  of  the  older  figures  are 
omitted  because  they  are  but  rough  approxi¬ 
mations  compared  with  more  recent  results, 
with  which,  however,  they  are  not  at  variance. 

A  recent  series  of  experiments  in  narrow 
tubes  has,  however,  given  some  anomalous 
results,  not  yet  explained.  In  a  2-em.-diameter 
tube  60  cm.  long,  the  limits  were  normally  5.40 
and  13.72  percent;  but,  after  the  tube  had  been 
cleaned  with  chromic  acid,  washed,  dried,  and 
evacuated  to  0.001  mm.,  the  limits  observed 
were  4.70  and  12.86  percent.  An  extended 
series  of  experiments  was  then  made  with  a 
“natural  gas”  containing  94  percent  of  methane 
and  0.5  percent  ot  “various  hydrocarbons.” 
Tubes  2.5,  2.0,  1.5,  and  1.0  cm.  in  diameter 
were  used,  and  both  limits  were  determined  for 
upward  and  downward  propagation  of  flame. 
The  “clean-tube”  limits  were  always  lower  than 
the  corresponding  “normal-tube”  limits,  the 
difference  being  independent  of  tube  diameter 


for  both  limits  (downward  propagation)  and 
for  the  higher  limit  (upward  propagation).  It 
is  difficult  to  explain  a  “wall  effect"  that  is 
independent  of  tube  diameter  (2U4). 

Upward  Propagation  in  Small  Vessels. — Table 
11  shows  the  limits  with  upward  propagation 
of  flame  in  mixtures  of  methane  and  air  in  the 
smaller  vessels.  It  is  evident  that  the  limits 
found  in  wide  vessels  open  behind  the  flame-  - 
5.3  and  13.87  for  gases  saturated  with  water 
vapor — are  not  appreciably  narrower  in  open 
tubes  5  cm.  in  diameter.  In  closed  tubes, 
however,  the  higher  limit  is  greater  than  in 
open  tubes  of  equal  diameter.  This  is  ex¬ 
plained  by  the  observation  that  increase  of 
pressure  raises  the  higher  limit;  enough  pres¬ 
sure  to  affect  the  limit  is  developed  in  closed 
tubes  in  the  earlier  stages  of  propagation,  while 
the  flame  is  still  assisted  by  the  initial  impulse 
from  the  source  of  ignition.  This  explanation 
is  confirmed  by  a  comparison  of  two  experi¬ 
ments  in  tubes  of  the  same  diameter  (5  cm.) 
but  of  very  different  lengths.  The  shorter  tube 
gave  a  greater  higher-limit  figure  than  the 
longer  tube,  because  the  pressure  must  rise 
faster  and  to  a  greater  quantity  in  the  shorter 
tube. 


Table  11. — Limit#  of  flammability  of  methane 


in  aii,  with  upward  propaynJUm  of  flame  in  tube# 


Dimensions  of  tube,  cm. 

i 

Firing  end 

Limits, 

percent 

Content  of 
aqueous  vaj>or 

Reference 

No. 

Diameter  i 

length 

Lower 

Higher 

10.  2  j 

96 

'  Closed _ 

5.  00 

15.  00 

Drv. 

t/,2 

7.5 

150 

do  . . 

5.  35 

14  85 

Half-saturated. 

SiU 

6.2 

33 

Open ......... 

5.  45 

13.  a 

Saturated. ........ 

95 

6.  0 

200 

Closed . . 

5.  40 

14.  8 

Small. 

ss 

5  3 

150 

Open  . - 

5  26 

14  3 

i  >rv  .... 

9S 

5.  0 

50 

Closed  . . 

15  11 

er: 

6.  0 

150 

Open  . 

5.  40 

14  25 

Half-saturated 

S.i'l 

6.  0 

1M) 

do  ...  .  J 

5  21 

14  02 

Drv . 

Hi* 

5.  0 

ISO 

.  .do . 

5.  33 

13  SO 

Saturated 

tiH 

4  7 

100 

.do  ....  . 

5.  3 

14  3 

Small 

2IIO 

4.  0 

100 

Closed  . 

5.  5 

14  1 

St!) 

2.  7 

Open ... 

5  28  ' 

1  >ry . 

9  9-f 

2  5 

;  150 

.  do 

5  5 

Saturated 

271 

2  5 

150 

Closed 

5.  80 

13.  20 

Half-sat  urat  ml 

S.in 

2.  25 

i  ‘25 

Open 

5  4S 

Nearly  dry 

no 

i 


Horizontal  Propagation  in  Small  Vessels. — 
Table  12  shows  the  limits  with  horizontal  prop¬ 
agation  in  the  smaller  vessels.  The  limits  for 
closed  tubes  are  narrowed  appreciably  by  re¬ 
ducing  the  diameter  of  the  tula-  to  2.5  cm.  In 
open  tubes  the  limits  meet  when  the  diameter 
of  the  tube  is  reduced  to  0.45  cm.  Flame  is 
not  propagated,  except  for  a  short  distance 
from  the  source  of  ignition,  along  a  tube  0.36 
cm.  iu  diameter. 


Downward  Propagation  in  Small  Vessels.- 
Table  13  shows  the  limits  witli  downward  pro|>- 
agation  of  flume  in  the  smaller  vessels.  The 
limits  throughout  are  somewhat  narrower  than 
those  found  in  the  largest  vessel  for  the  same 
direction  of  propagation. 

Propagation  in  Spherical  Vessels. — Table  14 
shows  the  limits  for  propagation  of  flame 
throughout  mixt ures  of  methane  and  air  m 
cioaed  spherical  vessels  of  various  sizes.  The 
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SINE  OF  ANGIE  OF  INCLINATION  OF  TUBE 

FlQl'HK  15. — Lower  Limit  of  Methane  for  Various  Directions  of  Propagation  of  Flame  in  a  Tula'  2.25  Cm.  in 

Diameter. 

Influence  of  Turbulence  and  Streaming  rumstanees,  on  the  lower  limit  of  natural  gas  in 

Movement  on  Limits  of  Flammability.—  When  a  air  1 1>.  1!  5). 

small  fan  was  rotated  rapidly  enough  hut  not  Influence  of  Pressure.— No  measurable 
too  rapidly  in  methane-air  mixtures  contained  change  in  the  limbs  of  methane  in  air  could  he 

in  a  4-litcr  globe,  the  lower  limit  of  methane  was  discovered,  either  when  the  pressure  was  varied 

5.0  percent  compared  with  5.6  percent  observed  between  7 -Vi  and  794  mm.  (JJ$)  or,  in  the  lower 

for  quiescent  mixtures  in  the  same  vessel.  If  the  limit  for  upward  propagation  of  flame,  when 

turbulence  was  too  violent,  however,  even  a  the  pressure  was  varied  from  1  to  2.9  atjnos- 

5.6-pereent  mixture  did  not  propagate  more  phercs  in  a  vessel  of  11.3  liters  capacity  (-ill) 

than  a  short  tongue  of  flume  [33,  330).  An  interesting  comparison  has  been  inside  of 

A  streaming  movement  of  the  gas  mixture  the  effect  of  change  in  pressure  front  1  to  ft 

produces  similar  effects  on  the  lower  limit.  Afc  atmospheres  on  the  limits  with  downward 

a  speed  of  35  to  05  cm.  a  second  (09  to  12K  feet  and  horizontal  propagation  in  lubes  2  cm.  in 

a  minute)  flame  was  propagated  in  a  5.02-pcr-  diameter  (£3o,  £77).  With  downward  prop- 

eenl  methane-air  mixture  Inst  not  at  any  speed  agution.  the  limits  change  steadily  from  ft .00 

in  a  5.00-jH-reein  mixture  {330).  Hence,  under  ami  13.00  portent  at  1  atmosphere  to  6.40  and 

appropriate  eondit ions  of  movement  of  the  gas  14  05  percent  at  ain>ut  G  atmospheres.  With 

mixture,  tin  lower  limit  of  methane  is  5.0  |ht*  horizontal  propagation,  the  lower  limit  re¬ 
cent  The  same  figure  was  obtained  when  ninined  nearly  constant  (5. ft  percent)  over  this 

movement  of  the  mixture  was  produced  by  range  of  pressure;  the  higher  limit  rose  steadily 

expansion  caused  by  its  own  combustion  in  from  13.31  percent  at  1  atmosphere  to  16.12 

experiments  on  the  propagation  of  flame  from  percent  at  alamt  ft. 5  atmospheres.  In  these 

closed  to  open  end  of  a  large  v**ssel  (p.  137).  experiments,  therefore,  the  lower  limit  with 

Reference  may  bo  ninde  to  observations  of  the  horizontal  propagation  was  unchanged,  but 

effect  of  turbulence,  in  somewhat  different  c>x-  that  with  downward  propagation  increased 
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steadily  with  increasing  pressure.  The  higher 
limit  with  horizontal  propagation  increased 
more  rapidlv  than  that  with  downward  prop¬ 
agation.  (P’or  an  interpretation  see,  p.  4). 

The  limits  observed  under  very  high  pressures 
(14,  17,  324)  are  shown  in  figure  16.  One  series 
of  higher  limits  (51)  is  omitted,  because  it 
starts  with  too  low  a  figure  (10.65  percent)  for 

1  atmosphere  pressure.  The  rapid  increase  in 
the  higher  limit  is  remarkable.  The  differences 
in  tin*  three  series  of  results  are  to  be  ascribed 
to  differences  in  experimental  method  and  in¬ 
terpretation.  Experiments  almost  of  necessity 
had  to  be  conducted  in  small  vessels,  but  the 
results  doubtless  are  a  fair  indication  of  the 
possibilities  of  explosion  in  larger  vessels  holding 
mixtures  of  compressed  gases. 

Figure  17  shows  limits  at  less  than  atmospheric 
pressure  and  at  various  temperatures,  in  a  tube 

2  cm.  in  diameter  and  50  cm.  in  length,  with 
downward  propagation  of  flame  (235).  The 
curve  for  20°  V.  shows  much  wider  limits  at 
low  pressures  and  extends  to  much  lower  pres¬ 
sures  than  those  observed  in  an  older  series  of 
tests  (47).  The  more  recent  results  were 
obtained  with  a  stronger  igniting  spark;  sparks 
that  will  ignite  a  flammable  mixture  at  normal 
pressures  may  be  much  too  weak  to  ignite  it 
at  low  pressures. 


Experiments  in  a  wider  tube,  5  cm.  in  diame¬ 
ter  and  50  cm.  in  length,  compare  the  limits  for 
different  directions  of  propagation  of  flame  at 
pressures  less  than  atmospheric  (277).  The 
curves  for  these  limits  are  plotted  in  figure  18. 
Data  were  not  obtained  for  upward  propagation 
at  the  lower  limit  because,  in  the  rather  short 
vessel  used,  the  issue  vas  confused  by  the  large 
“caps”  of  flame  above  the  igniting  spark.  A 
complete  curve  for  horizontal  propagation  in  a 
tube  1.5  cm.  in  diameter  and  120  cm.  in  length 
has,  however,  been  obtained  (125).  It  shows 
a  small  abnormality  on  the  higher-limit  side 
at  150  to  200mm. pressure,  where‘‘green  flames” 
were  observed.  A  complete  curve  for  propa¬ 
gation  in  a  burette  has  also  been  obtained  (86). 
Other  curves  for  propagation  in  narrow  tubes 
show  abnormalities  on  either  the  lower-  or 
higher-limit  side  at  reduced  pressures  (99). 

Influence  of  Temperature. — Several  older  ob¬ 
servations  have  been  criticized  unfavorably  on 
the  grounds  that  the  mixture  underwent  partial 
combustion  in  the  heated  experimental  vessel 
before  it  was  tested  and  its  composition  was 
thereby  altered  enough  to  affect  the  results. 
The  less  exceptionable  results  are  compared  in 
figure  19,  which  shows  lower  and  higher  limits 
up  to  temperatures  at  which  spontaneous 
inflammation  of  the  mixture  was  almost  instan- 
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Fi<;t'Hr>  Hi.  Limits  of  Kiammatiilile  of  Methane  in  Air  (Downward  Propagation),  Showing  lultuvurc  of 

Tempcrauire. 


t  anemia.  In  each  series  flit*  direction  of 
propH^af  ioii  of  flume  ''us  downward;  (lit*  o' her 
conditions  nre  indicntcd  on  the  figure,  together 
with  the  rrfennre  mnnhcrs.  As  will  be  noted, 
the  range  of  flammability  is  widened  con¬ 
siderably  at  both  limits  by  increase  of  tempera¬ 
ture.  hut  ordinary  variations  <<f  atmospheric 
temperature  have  an  insignificant  eflet  t 

Figure  17  shows  the  temperature  effect  at 
pressures  less  tliau  normal. 

The  differences  between  the  results  of  the 
several  sets  of  tests  iu  figure  19,  although  small 
for  lower  limits  end  not  very  large  for  higher 
limits  are  real  ami  must  he  due  to  the  use  of 
different  apparatus.  For  higher  limits  the 
length  of  tube  (us-d  seems  to  lx-  the  determining 
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faetor,  as  shown  by  series  2  and  4  (fig.  19)  with 
tubes  of  nearly  the  same  diameter.  Hence 
all  the  results  are  relative  to  the  apparatus  used 
and  do  not  show  the  influence  of  temperature 
on  limits  defined  as  a  property  of  the  gas 
mixture  alone.  The  results  may.  however.  t>e 
taken  as  an  indication  of  the  effect  of  tempera¬ 
ture  on  the  true  limits 

An  unconfirmed  observation  is  that,  although 
the  limits  in  moist  methane-air  mixtures  are 
widened  by  increase  m  temperature,  the  lower 
limit  as  well  as  the  higher  limit  is  much  raised 
by  increase  of  temperature  when  the  mix! i  es 
are  dried  with  pimspliorus  pentoxide  ‘J!> ?), 

Low  Temperature*  At  the  tcni|>erature  of 
liijtiid  air  the  lower  limit  of  methane  with 
downward  propagation  of  flame  in  a  tube  2.5 
cm.  in  diameter  and  It*  cm.  in  length,  open  at 
the  filing  end.  is  7  .1  •_  0  .!  percent  tf/Gi.  In 
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the  same  circumstances,  but  at  room  tempera¬ 
ture,  the  limit  is  6.1  percent. 

Influence  of  Pressure  at  Various  Tempera¬ 
tures. — The  curves  of  figure  17  show  the  limits 
of  flammability  of  methane-air  mixtures  at 
20°,  250°,  and  500°  C.  at  all  pressures  below 
atmospheric.  The  limits  were  observed  in  a 
closed  tube  2  cm.  in  diameter  and  50  cm.  in 
length  {235). 

A  mixture  of  2.1  percent  methane  in  air  was 
ignited  by  sudden  compression  to  80  at  mospheres 
pressure,  which  produced  a  temperature  of 
705°  C.,  and  a  mixture  of  55  percent  methane 
at  1 18  atmospheres  and  540°  ( (37) . 

Influence  of  Impurities. — The  lower  limit  of 
methane  in  air,  with  downward  propagation 
of  flame,  was  raised  about  1.8  percent  bv  iron 
carbonyl  (0.08  cc.  liquid  vaporized  per  liter). 
The  higher  limit  was  reduced  from  18.0  to 
10.5  percent  by  the  same  quantity  of  iron 
carbonyl  (325). 

METHANE  IN  OXYGEN 

The  limits  of  methane  in  oxygen,  with 
upward  propagation  of  flame  in  a  2-inch- 
diameter  tube  open  at  its  lower  end,  are  5.15 
and  60.5  percent  (138). 

Table  15  gives  other  determinations  of  the 
observed  limits  of  methane  in  oxygen. 


Table  15. — Summon /  of  other  determinations  of 
limits  of  flammability  of  methane  in  oxygen 

Upwcrd  Propagation  of  Flam* 


Dlrnmniont  of 
iuh*.  cm. 


! 


Lltnllv  percent 


Ftrtnt  pivI 

f 

Diameter  I*ncth  Lower  Hub*. 


Refer  root 

Vi. 


JL4  i  •»  --  '  «  _ I  tfv 


Horizontal  Propagation  ol  Flama 


IS  IM  j  Optn  v*  :  v  :  .  *Ti 


Downward  Propagation  of  Flam* 


2  s  i.Vi  ;  »>prn  *  s  .  r\ 
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Propagation  oi  flam*  in  Globo  or  Bomb 
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Influence  of  Pressure. — The  limits  of  methane 
in  oxygen  were  not  appreciably  narrowed  until 
the  pressure  was  reduced  lielow  1,50  mm.  A 
moderately  strong  igniting  spark  was  used 


(65).  With  a  stronger  spark  the  limits  did  not 
coincide  until  the  pressure  was  reduced  to 
10  mm.  (80).  A  curve  has  been  obtained 
for  results  in  a  burette  (86). 

The  higher  limit  is  increased  by  an  increase 
of  pressure  above  atmospheric.  One  obser¬ 
vation  (330),  incidental  to  other  work,  is  that, 
at  10  atmospheres  pressure,  a  mixture  contain¬ 
ing  71  percent  methane  slowly  propagated 
flame.  In  a  small  homh  (58)  the  higher  limit 
rose  rapidly  from  58.4  percent  at  1  atmosphere 
to  81.7  percent  at.  60  atmospheres,  then  slowly 
to  84  percent  at  about  145  atmospheres; 
however,  the  mixtures  contained  about  4.5 
percent  nitrogen,  and  the  limits  would  be  some¬ 
what  higher  in  pure  oxygen.  Combust  ion  was 
far  from  complete  in  such  mixtures  under 
model'  .telv  high  pressure. 

Influence  of  Temperature.— In  a  35-cc.  closed 
bulb  the  limits  were  6.2  and  57.1  at  15°  C. 
and  5.1  and  57.8  at  800°  C.  (207). 

Influence  of  Temperature  at  High  Pres¬ 
sures. — As  the  temperature  is  raised,  the  pres¬ 
sure  required  to  make  certain  mixtures  of  meth¬ 
ane  and  oxygen  flammable  decreases.  For 
example,  the  pressure  limit  of  a  next ure  con¬ 
taining  81.7  percent  methane  at  atmospheric 
temperature  was  60  atmospheres,  hut  at  882° 
C.  it  was  only  about  21  atmospheres  f-7<S’i. 
Curves  that  show  the  higher  limit  at  elevated 
temperatures  and  pressures,  are  given  m  the 
original  paper. 

METHANE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Composition  Between  Air 
and  Pure  Oxygen. — The  limits  of  methane  in 
mi\t  ures  of  nit  rogeti  and  oxygen  richer  in  oxygen 
than  ordinary  air  have  been  found  ns  follows: 
(1)  In  a  closed  glo'a*  2.5  liters  in  capacity  the 
lower  limit  rose  regularly  from  5.8  percent  in 
air  to  6.o  prreent  in  oxygen  (2**71;  (2>  ;n  a 
horizontal  glass  tuU*  2.5  cm.  in  diameter,  open 
at  the  firing  end.  the  lower  limit  fell  from  .VS 
percent  in  air  to  5.7  percent  in  oxygen,  and  the 
nighcr  limit  rose  lisa-urlv  from  13.8  in  air  to 
59.2  in  oxygen  it  SO  t;  (8>  in  a  closed  tube  1  9 
mi.  in  diameter  the  lower  limit  with  downward 
propagation  of  flume  rose  regularly  from  6.15 
iierecnl  in  air  to  6.45  percent  in  oxygen.  The 
higher  limit  rose  from  12  percent  in  air  to 
percent  in  a  92-percent  oxygen  mixture  and  52 
percent  in  a  95-pcieent  oxygen  mixture  (32 3*. 

Atmospheres  of  Air  and  Nitrogen  i Air  De¬ 
ficient  in  Oxygen). —  l^rgi'-seal**  experiments 
with  mixtures  of  methane,  air,  and  nitrogen  have 
Uvn  made  in  a  till**  7  feet  in  length  and  in 
inches  in  diameter,  with  upward  propagation 
of  flame  from  the  open  end  of  the  tula*;  the 
mixtures  throughout  were  at  atmospheric  pres¬ 
ume  and  were  saiiirattsl  with  water  vajHir. 
The  range  of  observations  shown  in  figure  20 
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rovers  nil  eomposit ions  from  «ir  to  mixtures 
in  wltirli  tin  amount  of  oxygen  is  t «m»  small  for 
llaine  propagation.  regardless  of  the  amount  of 
Methane  preson!.  'I  he  «l»s--issa>  reprt-M-nt  the 
“ill mosphere"  in  ea«;li  mixture  of  air  ami 
nitrogen;  for  example,  2*>  pen-ent  "nthlitional 
nil mgeii"  imn n<  (lint  the  “atmosphere"  used 
for  I  lie  ohsorval  ions  was  eoiiijNiseil  of  7‘j  per-ent 
KIT  ,'l  III  I  2-">  |>ereellt  nitrogen.  Along  the  top  of 
ill.-  diagram  I  In-  corresponding  jvrertitnges  of 
nwgclJ  III  the  atmosphere  limy  he  rend .  It  IS 
evil  lent  that  no  mixture  of  met  ha  lie  is  llaiuiiiaidc 
ai  on  I  inary  letnjieriii  up  s  and  pn-ssur.-s  when 
the  atmosphere  eonnnns  less  ihati  12  s  |vrcc;it 
ox vsren  attii  the  remainder  is  nitrogen  *n'N). 

’rile  results  of  oltse.-vaf  ions  liniile  in  smaller 
apfwtratus  are  shown  in  ligu-e  21.  In  a  .'•-etii. 
IiiIh*,  with  upward  propagation  of  Hattie  in  a 
airy  mixture,  (lie  limits  nearly  i-oiin  id*  with 
those  plotted  in  figure  20,  The  three  curves 


that  show  narrower  limits  represent  experi- 
menis  in  various  type*  of  ap|wrntus  with 
downward  propairotion  of  flame.  One  curve 
shows  greater  values  over  part  of  the  higher- 
limit  retire :  the  values  were  obtained  in  a 
rinsed  vessel  in  which  the  pressure  rose  nm- 
siderahiy  during  the  mHammaiton.  ami  increase 
of  nres-ure  is  known  to  increase  mark**dly  the 
turner  limit  of  methane.  The  limits  of  these 
mixtures  with  downward  propagation  of  flame 
in  a  elnseil  tui*-  2  2  i  tn  tn  diHitieti-r  i.)’40  anil 
in  a  closed  glass  Imih  li  ,'t  em.  ill  diameter  (20.2) 
have  also  l>-r.ii  ileterimned. 

For  some  purjn^-s  the  result*  an-  more  useful 
when  expressed  p,'2»  as  in  figure  22.  F*»r  ex¬ 
ample.  ii  cannot  In-  de.lueod  from  figtire  20 
without  eaieuiatious.  that  the  tnixture 
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cannot  form  an  explosive  mixture  with  air, 
whatever  the  proportions  used,  whereas  the 


mixture 

Ptrtenl 

Methane _ _ _  _  0 

Oxygen _ _ _ .........  !2 

Nitrogen _ _  .......  .  79 


although  not  itself  explosive,  mav  form  a  series 
of  explosive  mixtures  with  air.  Figure  22  give's 
this  information  at  a  glance. 

Explanation  of  Figure  23. — Figure  23  explains 
figure  22.  The  straight  line  AI)  (fig,  23)  repre¬ 
sents  the  composition  oi  all  mixtures  of  methane 
and  pur"  air  that  contain  up  to  20  percent 
methane.  No  mixture  of  methane  and  air  can 
fall  above  this  line,  and  all  mixtures  of  methane, 


air.  and  nitrogen  must  fall  below  it.  The  lute 
BE  is  the  line  of  lower  limits  of  flammability  of 
methane  and  CK  the  line  of  higher  limits.  As 
the  oxygen  content  falls,  BE  and  CE  approach 
each,  oiner  until  they  meet  at  E.  No  mixture 
which  contains  less  oxygen  than  that  corre¬ 
sponding  with  E  is  explosive  ;<r  sc,  but  all  mix¬ 
tures  in  the  area  BEC  are  within  the  limits  of 
flammability  and  are  therefore  explosive. 

Next  consider  any  mixture  to  the  right  of  the 
line  (  EF:  for  example,  the  mixture  represented 
by  the  point  G.  Join  GA.  Then  GA  repre¬ 
sents  the  mixtures  formed,  in  sur-ression,  as  G 
is  diluted  with  air.  Because  GA  passes  through 
the  area  BEC  the  mixture,  as  it  is  diluted  with 
air,  becomes  explosive  and  remains  so  as  long 
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Fiorar,  22.  -Relation  ifct  ween  Quantitative  ami  t-'laminaliiiiiy  of  Mixtures  of  Methane,  Amt,  and 

Nitrogen. 


as  its  composition  is  represented  by  any  point 
on  t  fj. 

It  will  now  he  char  that  the  position  of  FF 
is  exactly  defined  hv  drawing  a  tangent  front 
.1  to  the  curve  EEC  ami  extending  the  tangent 
to  meet  the  axis  of  abscissas  in  F.  hty-anse  the 
line  joining  any  point  above  and  to  the  rdit 
of  FE  to  .1  most  pa.-*  through  /«/•>',  while  the 
line  joining  ativ  point  below  and  to  the  left  of 
FE  to  el  must  fail  So  pass  through  the  explosive 
region  HE'.C.  FE  is  therefore  the  boundary  of 
those  mixture*  capable  of  forming  explosive 
mixture*  with  air. 

Figure  2'*  shows  clearly  that  anv  mixture  of 
methane  and  nitrogen  that  contains  more  than 
shout  H  o  percent  methane  ran  form  explosive 
mixture*  with  ait  If  oxygen  is  present  a 
correspondingly  smaller  amount  of  methane 
Sltlliees. 

M  ixtuter  of  niethnue,  nitrogen.  and  oxygen 
that  are  represented  by  any  point  it>  the  an  a 
lU  'EF  of  figure  2:!  can  form  explosive  mixtures 
when  mix'd  with  air  in  suitable  proportion*. 
If  it  is  of  interest  to  know  what  these  propor¬ 


tions  are— and  if  there  is  a  wide  range  of  pos¬ 
sible  explosive  mixtures  the-  danger  is  so  much 
the  greater-  then  they  i  ail  be  found  from  the 
following  considerations: 

Suppose  the  mixture  of  methane,  nitrogen, 
and  oxygen  is  repri-sented  by  the  point  u  Hi 
She  area  t>(  EE,  then  the  straight  line  1  repre¬ 
sents  all  possible  niixtun**  of  the  original  mix¬ 
ture  and  air.  As  the  original  mixture  is  diluLsi 
step  hv  step  'With  air,  the  eomposition  of  the 
new  mixture  is  represented  to  points  farther 
and  farther  along  h',1.  The  air  mixture  lirst 
becomes  explosive  »>r  .*#  at  ih»*  pints'  //.  where 
tV. I  dosses  i.( \  The  higlu-r  limit  of  tin- original 
mixture  \s  detined  by  this  point :  the  lower  limit 
of  the  original  mixture  is  -lined  by  the  point 
,/.  ci  which  the  (’A  !■!>!  -  Eli 

The  ratio  AH  :  lit'  is  the  r«Mo  o:  ofiguitU 
mixture  to  ait  in  the  upper-hum*  mixture; 
and  the  ratio  AJ  JE  Is  the  ratio  for  the  lowef- 
limit  mixture.  Hence  the  limits  ..{  Ilamm-t- 
htlitv  of  the  original  mixture  are  given  on  per 
cent  ages  t  hv  ItMi  AJ  A><  (lower  limit)  and  100 
AH  A<i  (higher  limit)  p<2). 
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All  Atmospheres  of  Oxygen  end  Nitrogen.--  observations  were  made  at  temperatures  above 

Limits  of  methane  in  those  atmospheres  have  normal.  Had  it  been  pnssibh  to  experiment 

been  determined  with  downward  propagation  at  normal  temperature,  the  curve  probably 

cf  ltame  in  a  l  7-cin. -diameter  tube  (•*-{•*!■  would  have  been  a  littio  to  the  right  of  the 

Atmospheres  of  Air  and  Water  Vapor .  Ob-  carbon  dioxide  curve  over  the  lower-limit  rattle 

servations  that  show  the  small  difference  in  the  and  at  the  nose,  but  the  two  curves  would  have 

limits  of  methane  in  urv  air  and  in  air  saturated  coincided  over  most  of  the  higher-limi*  range, 

with  water  vapor  at  Uhoratotv  temperatures  Similar  experiments  have  been  made  in  a 
are  tjuoted  under  Klfeet  of  Small  (’liunges  in  closed  3r>0-cc.  spherical  vessel  with  a  “natural 
Atmospheric  Composit ion  ip,  3).  gas"  containing  1*7  percent  methane,  a  nereoiit 

The  efb  et  of  large  aiumnts  of  water  vapor  ethane.  Similar  results  were  obtained.  with 

on  the  limits  of  methane  in  air  is  shown  in  somewhat  smaller  limits,  which  met  at  about, 

figure  2A.  The  dctennitiations  were  made  in  a  6.3  percent  gas  in  a  mixture  containing  about 

tube  3  feet  in  length  and  2  inches  in  diameter,  3D  percent  of  water  vapor 

with  upward  propagation  of  ilantc  at  a  turns-  Atmospheres  of  Air  and  Carbon  Dioxide.— 
phene,  pressure  during  proj-.agat ion  (f?7).  For  Figure  2.r>  shows  the  limits  of  methane  in  mix- 

each  exjierimunt  the  tube  was  heated  to  the  litres  of  air  ami  carbon  dioxide  saturated  with 

tempera! urn  necessary  to  maintain  the  required  water  vapor.  The  tests  wco  made  in  a  tube 

amount  of  water  vapor,  Hence,  most  of  tho  7  feet  in  length  and  10  inches  in  diameter,  with 
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Figure  it. — Limits  of  Flammability  of  Mediatiu  in  Separate  Mixtures  of  Air  with  Carbon  Dioxide,  Water  Vapor, 

Nitrogen,  Helium,  and  Argon. 


upward  propagation  of  flame  from  the  open 
end  of  tiie  tube.  In  these  circumstances  no 
mixture  of  methane  with  an  atmosphere  com¬ 
posed  of  air  and  24  percent  or  more  er.rhon 
dioxide  is  capable  of  propagating  llan.e  far 
from  the  soiuve  of  ignition  (70) 

Oliser'  'a  I  ions  made  in  smaller  apparatus  are 
shown  in  figure  26.  The  tesiills  o!>taiue<i  in  a 
fn'in.  tube  with  dry  gases  show,  in  general,  a 
slightly  wider  range  of  flammability  than  those 
obtained  in  a  26-em.  tube  with  gases  saturated 
with  water  vapor  (tig.  26i;  for  example,  (he 
completely  extinctive  atmosphere  in  the  6 -cm. 
lube  contain-,  26  percent  carbon  dioxide  com¬ 
pared  with  24  pt<r>-eni  in  the  wider  vessel.  The 
four  curves  showing  narn  wer  limits  represent 
experiments  in  various  vessels  with  downward 
prt oaggtiot.  of  llanie. 

Tin*  limits  of  these  mixtures  with  downward 
propagation  of  (lame  in  a  tube  2.2  cm.  in 
diameter  (d.J/)  and  in  a  closed  glass  bulb  (>.5 
cm.  in  diameter  (&)!>)  have  also  been  deter¬ 
mined. 

Influence  of  Temperature. —The  limits  of  fire¬ 
damp  in  atmospheres  of  sir  and  carbon  dioxido 
have  been  determined  from  IDO0  to  6140°  C 
The  firedamp  used  contained  73.8  percent 
methane  and  26.2  percent  nitrogen.  The 


observations  were  made  in  a  horizontal  glass 
tula>  2  cm.  in  diameter  ami  100  cm.  m  length. 
The  results  are  expressed  in  *  urves  which  show 
the  limits  of  methane  in  the  various  atmos¬ 
pheres  of  nir,  carhop  dioxide,  and  such  addi¬ 
tional  nitrogen  a.-  was  duo  to  the  firedamp  itself. 
The  curves  are  of  the  same  type  as  those  of 
figure  26  and  show  an  increase  in  the  range  of 
flammability  of  all  mixtures  as  the  tempera¬ 
ture  is  increased 

Atmospheres  of  Air,  Nitrogen,  and  Carbon 
Dioxide  (Including  Mixtures  of  Air  and  Black- 
damp). — The  limits  of  methane  in  atmospheres 
of  air,  nitrogen,  and  carbon  dioxide  are  plotted 
in  figure  27;  they  were  oh  ainod  with  roughly 
dried  gases  in  a  tube  2  inches  in  diameter,  with 
upward  propagation  of  flame  from  the  o|)en 
end  of  the  tube.  The  boundary  at  the  right 
of  the  series  of  curves  gives  the  limits  in  all 
atmospheres  of  ordinary  air  and  carbon  dioxide 
inixe  i  in  any  proportions.  The  struight-hno 
boundary  at  tie  left  of  the  series  of  curves 
gives,  with  the  oxygen  figures  inserted  thereon, 
the  limits  in  uil  atmospheres  of  air  and  nitrogen 
mixed  in  any  proportions.  The  whole  area 
between  represents  the  limits  in  atmospheres 
which  are  deficient  in  oxygen  and  also  contain 
carbon  dioxido.  Wien  the  deficiency  of  oxygen 
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is  replaced  by  an  equal  amount  of  carbon  diox¬ 
ide,  as  would  occur  ver\  nearly  in  flic  com¬ 
bustion  of  coke,  these  atmospheres  and  the  cor¬ 
responding  methane  limits  arc  all  represented 
by  points  on  the  broken  curve.7  Tlie  region 
right  of  the  broken  curve  represents  limits  in 
atmospheres  formed  by  the  replacement  of 
oxygen  with  more  than  an  equal  volume  of  car¬ 
bon  dioxide.  Tl  >  region  left  of  the  broken 
curve  represe: •:<*  hinds  in  atmospheres  formed 
by  the  replacement,  of  oxygen  with  less  than 
an  equal  volume  of  carbon  dioxide.  Atmos¬ 
pheres  of  this  type  are  produced  bv  ordinary 
combustion,  by  respiration,  and  l>y  mixing 
blaekdamp  and  air  (00). 

As  the  composition  of  blaekdamp  is  variable, 
its  effect  on  the  limits  of  metl,  ne  is  shown  -n 
figure  28  for  a  range  of  variations  in  composi- 
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tion.  'I'hese  curves  show  that  the  lower  limit 
of  firedamp  is  increased  only  slightly  by  the 
presence  of  blaekdamp  and  that  the  danger  of 
nn  explosion  of  firedamp  is  not  removed  by  the 
presence  of  blaekdamp,  unless  the  amount  of 
blaekdamp  is  so  high  that  the  atmosphere  is 
not  fit  to  work  in  oven  if  gas  masks  are  worn. 
An  artificial  supply  of  oxygen  or  air  would  be 
necessary  for  work  in  an  atmosphere  of  black- 
damp  and  air  incapable  of  propagating  an 
Explosion  of  limlnmo  ((IS). 

Figure  22  may  be  used  to  determine  whether 
any  given  mixture  of  firedamp,  blaekdamp,  and 
an  is  explosive  or  can  explode  if  mixed  with  a 
suitable  amount  of  air.  The  mixture  is  anal¬ 
yzed  to  determine  the  proportions  of  methane, 
oxygen,  nitrogen,  and  carbon  dioxide  present. 
Tin'  carbon  dioxide  is  assumed  to  be  replaced 
by  an  equal  volume  of  nitrogen,  and  the  infor¬ 
mation  required  is  rend  from  the  figure,  as  ex¬ 
plained  on  page  40;  in  a  coal  mine  the  amount 
of  carbon  dioxide  in  such  mixtures  is  about  5 
or  0  percent  (often  less,  rarely  more),  and  the 
error  introduced  by  considering  this  as  nitrogen 
is  small  and  on  the  side  of  safety  (02). 

Experiments  with  the  same  gnscs  in  small 
apparatus,  with  downward  propagation  of 
flame,  have  been  reported,  but  on  account  of 
the  experimental  conditions  the  limits  through¬ 
out  are  narrower  and  the  extinctive  amounts 
of  inert  gas  art'  much  less  than  those  quoted 
above  (309). 

Atmospheres  of  Air  and  Argon  or  Helium. — 

Figure  24  shows  the  influence  of  nitrogen,  water 
vapor,  and  carbon  dioxide  on  the  limits  of 
flniumahility  of  mi  thane  in  air,  with  upward 
propagation  of  flume  in  a  tube  2  inches  in  diam¬ 
eter,  with  the  firing  emt  open.  The  different 
effects  of  tlm  three  gases  are  ascribed  to  their 
different  heat  rape  'ies:  as  carbon  dioxide  has 
the  greatest  heat  capacity,  il  has  the  greatest 
extinctive  effect  on  flame.  The  corresponding 
curve  for  argon  in  the  same  figure  agrees  with 
tliis  supposition,  ns  ergon  has  a  smaller  heal 
capacity  than  nitrogen.  The  curve  for  helium, 
n  gas  of  heat  capacity  equal  to  argon,  shows 
that  this  is  not  the  only  factor  determining  *lm 
extinctive  effect  of  an  inert  gas;  apparently  the 
high  thermal  conductivity  of  helium  makes  it  a 
more  efficient  flame  extinguisher  than  argon. 
It  seems,  however,  that  the  effect  of  different 
thermal  conductivities  is  insignificant  unless  the 
difference  is  greet  (OP). 

The  order  of  increasing  efficacy  of  diluents, 
according  to  figure  24.  is  A,  lie.  \’3.  COj.  Ex¬ 
periments  with  similar  series  of  mixtures  in 
narrow  tubes  (t.fi  and  2.2  cm.  in  diameter),  for 
downward  propagation  of  Hnnn*,  allowed  the 
same  order  of  efficacy,  except  that  the  position 
of  helium  in  the  series  varied  with  the  diameter 
of  the  tube  and.  perhaps,  with  tho  strength  of 
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/.  Hemps!  pipette,  100  e  c.  capacity  64 

!.  Tube,  6.2  cm.  diem.  95 

3.  Tube,  2.7  cm.  diem.  225 

i.  Bom  is,  2.8  liter*  capacity  64 

5.  Tube,  5.0  cm.  diam.,  upward  propactitioo 

V  I  I  I  I  I 
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FuiORB  20.— Limits  of  Flammability  of  lift  Italic  in  Mixtures  of  Air  ami  Carbon  Dioxide;  Comparison  of  Results 

Obtained  in  Smaller  Vessels. 


(he  igniting  spark.  (For  a  discussion  of  this 
important  point.  sw  p.  .T.) 

The  broken  line  in  fi«r»i r«-  24  is  (lit'  locus  of 
mixtures  in  which  the  ratio  of  methane  to 
oxygen  is  that  required  for  complete  combus¬ 
tion,  (’II,  :  2()2. 

Atmospheres  of  Air  and  Sulfuryl  Chloride, 
Silicon  Tetrachloride,  Silicochloroform,  and 
Phosphorus  Oxychloride. — The  limits  of  meth¬ 
ane  in  air  with  various  amounts  of  sulfuryl 
chloride,  silicon  tetrachloride,  silicochloroform, 
ami  phosphorus  oxychloride  have  been  deter¬ 
mined  in  a  burette  16  or  17  mm.  in  diameter 
(ISO,  105), 

No  mixture  of  methane  and  air  containing 
more  than  1.2  percent  of  phosphorus  oxychlo¬ 
ride  was  flammable  in  a  14.4-intn. -diameter 
tube,  by  a  spark  passed  ::t  the  uppe;  did  of  the 
tube,  but  mixtures  containing  up  to  3.9  percent 


could  propagate  flame  upward  in  r  5 -cm.  tube 

(100). 

Atmospheres  of  Air  and  Certain  Halogenated 
Hydrocarbons.-  Figure  29  shows  the  influence 
of  certain  chlorinated  hydrocarbons,  mixed  in 
the  stated  amounts  with  air.  on  the  limits  of 
flammability  of  methane  in  a  tube  2  inches  in 
diameter  with  upward  propagation  of  Maine 
from  the  open  end.  Fart  of  the  carbon  dioxide 
curve  is  inserted  for  comparison  (71).  The 
carbon  tetrachloride  curve  has  recently  been 
redetermined  independently,  with  nearly  the 
same  results  (00). 

The  curves  for  trichloroethylene  and  tetra- 
chloroelhylene  nre  incomplete;  the  experiments 
were  earrietl  to  the  point  at  which  the  atmos¬ 
phere  was  sat  urn  rial  with  these  vapors  at  labo¬ 
ratory  temperature.  Tetnuhlorocthane  and 
pentaehloroctiiane,  up  to  the  saturation  point. 


LIMITS  01'  INDIVIDUAL  GASES  AND  VAPORS 


53 


0*  IN  ORIGINAL  ATMOSPHERE,  PERCENT 
20  19  18  17  16  16  14  13 


o  6: — 6 


54 


LIMITS  OF  FLAMMABILITY  OF  OASES  AND  VAPORS 


Fioure  29. —  Limits  of  Flammability  of  Metlnuir  in  Mixtures  of  Air  with  Certain  Chlorinated  Hydrocarbons  and 

\\  ilti  Carlton  Dioxide. 


behave  like  inert  diluents  whose  elTeet  is  to  he 
attrihutetl  to  their  thermal  capacities.  The 
ethylene  derivatives,  however,  contribute  to  the 
flammability  of  the  mixture,  heme  the  lower 
limit  of  methane  falls  with  an  increase  in  the 
proportion  of  vapor;  the  higher  limit  also  falls 
rapidly  for  the  same  reason.  The  order  of  in¬ 
creasing  combustibility  is  - >C’.>il(’h - * 

CjHjC’b;  the  last  vapor  forms  flammable  mix¬ 
tures  with  air  without  the  help  of  any  methane. 

The  extinctive  etfeet  of  carbon  tetrachloride 
on  methane  flames  is  due  apparently  entirely 
to  its  high  thermal  capacity.  Volume  for 
volume,  carbon  tetrachloride  vapor  is  twice  as 
extinctive  ns  carbon  dioxide,  ns  the  presence  of 
12.5  percent  carbon  tetrachloride  in  air  renders 
the  mixture  incapable  of  nropngnt  :ng  flame, 
whereas  25  percent  carbon  dioxide  is  necessary 
for  the  same  effect .  Equal  volumes  of  the  two 
liquids,  however,  have  approximately  equal 
extinctive  effect. 

The  addition  of  increasing  amounts  of  methyl 


bromide  to  the  air  causes  the  limits  of  methane 
to  approach  and,  in  a  2-inch-diauictcr  tube, 
to  meet  at  about  ti  percent  methane  when  4.7 

fervent  of  the  mixture  is  methyl  bromide  (3$). 

W  a  comment,  compare  tin1  corresponding 
paragraph  on  hydrogen  (p.  22).  An  older 
series  of  experiments  (200),  made  in  almost 
identical  circumstances,  suggested  higher  re¬ 
sults  for  both  limits  throughout  the  whole 
range  of  methyl  hrofnide  concentrations;  these 
are  partly  explained  by  the  criterion  of  “flam¬ 
mability"  adopted  for  the  older  experiments, 
which  was  propagation  of  flame  for  at  least 
IK  inches,  not  for  the  whole  length  of  the  tube. 

The  extinctive  effect  of  dichlnrndilluoro- 
mcthanc  on  methane  flames  (It'S)  is  almost 
exactly  equal  to  that  of  carbon  tetrachloride 
vapor,  vo!  ime  for  volume. 

Series  of  experiments  with  halogen  deriva¬ 
tives,  in  narrow  vessels  with  downward  propa¬ 
gation  of  llamc,  have  been  reported  197, 

198,  199,  200)  and  discussed  (71). 
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Atmospheres  in  Which  the  Nitrogen  of  the 
Air  Is  Replaced  by  Carbon  Dioxide,  Argon,  or 
Helium. — The  limits  of  methane  in  atmospheres 
in  which  the  nitrogen  of  the  air  is  replaced  by 
(a)  carbon  dioxide,  (6)  argon,  (r)  helium,  with 
upward  propagation  of  flame  in  a  5.3-cm.- 
diameter  tube  open  at  the  lower  end,  are  (a) 
coincident  at  9.0  percent,  ( b )  4.01  and  17.3 
percent,  and  (c)  4.83  and  10.1  percent,  respec¬ 
tively,  in  comparison  with  5.20  and  14.3  per¬ 
cent  in  air.  When  the  diameter  of  the  tube 
is  increased  to  10  cm.,  the  lower  limit  in  the 
argon  mixture  is  unaffected,  but  in  the  helium 
mixture  it  is  reduced  to  4.5  percent,  showing 
that  with  helium  mixtures  in  5-cm.  tubes  the 
effect  of  the  loss  of  heat  to  the  walls  is  not 
negligible  (.94). 

In  a  horizontal  tube,  2.5  cm.  in  diameter, 
open  at  the  firing  end,  the  corresponding  results 
arf>  (a''  4.40  and  15.80  percent  and  (6)  5.55 
am  25  percent  3 ). 

In  a  closed  globe  of  35-cc.  capacity,  with  side 
ignition,  a  corresponding  result  is  (c)  8.9  and 
11.7  percent  methane  (297). 

Influence  of  Temperature. — In  an  atmos¬ 
phere  of  20.9  percent  oxygen  and  79.1  percent 
carbon  dioxide,  the  limits  in  a  closed  35-cc. 
globe  were  slightly  widened  by  increase  of 
temperature  to  300°  C.  (297). 

Atmospheres  of  Oxygen  and  Carbon  Dioxide, 
and  of  Oxygen  and  Argon. — Limits  of  methane 
in  these  atmospheres  have  been  determined 
with  downward  propagation  of  flame  in  a 
1.7-cm  .-diameter  tube  (5’45). 

Atmospheres  of  Oxygen  and  Carbon  Dioxide, 
Oxygen  and  Sulfur  Dioxide,  Nitrous  Oxide  and 
Carbon  Dioxide,  Nitrous  Oxide  and  Sulfur 
Dioxide,  and  Oxygen  and  Nitrous  Oxide. — 
Limits  of  methane  in  these  atmospheres  have 
been  determined  at  pressures  ranging  from 
(>00  mm.  down  to  the  point  of  coincidence  of  the 
limits  (89). 

Atmospheres  of  Nitrous  Oxide  and  of  Argon 
Mixed  With  Nitrous  Oxide.  Tin-  limits  of 
methane  in  nil  nuts  oxide,  with  downward  propa¬ 
gation  of  flame  in  a  closed  tube  about  10  nun. 
m  diameter,  are  2.2  and  3G.fi  percent  (200),  3.9 
and  3fi.3  percent  and  4.1  and  41.2  percent 

ai  fiflO  nun.  pressure  (89).  In  a  mixture  of  2 
volumes  of  nitrogen  and  I  of  oxygen,  equivalent 
to  nitrous  oxide,  the  limits  under  sunihu  condi¬ 
tion  are  4.3  and  22.9  percent .  The  progressive 
addition  of  argon  narrows  the  range,  and  no 
mixture  with  nitrous  oxide  is  flammable  under 
the  conditions  stated  if  it  contains  more  than 
about  fit)  percent  argon,  or  with  the  mixture  of 
2Nj+Oj  if  it  contains  more  than  about  (57 
percent  argon  (2n0). 

Atmosphere  of  Nitric  Oxide. — The  limits  of 
methane  in  nitric  oxide,  with  downward  propa¬ 


gation  of  flame  in  a  closed  tube  15  mm.  in 
diameter,  are  8.f>  and  21.7  pen  cut  (389). 

Atmospheres  of  Nitrous  and  Nitric  Oxides. — 
The  region  of  flammability  of  mixtures  of 
methane  with  mixtures  of  nitrous  and  nitric 
oxides  is  plotted  in  a  triangular  diagram  (839). 

Influence  of  Small  Amounts  of  “Pro¬ 
moters.” — The  addition  of  shout  0.5  percent 
of  various  possible  “promoters”  (diethyl  perox¬ 
ide,  ethyl  nitrate,  ozone,  ether,  ethyl  alcohol) 
had  liftie  more  effect  on  the  limits  of  methane 
in  air  (upward  propagation)  than  that  due  to 
the  thermal  effect  of  their  reaction.  With 
nitrogen  peroxide,  0.5  percent  reduced  the 
lower  limit  by  0.33  percent  (93)  and  0.2  percent 
by  0.2fi  percent  (70).  The  lower  limit  with 
downward  propagation  was  not  appreciably 
affected  by  up  to  1.0  percent  of  nitrogen 
peroxide  (70).  With  methyl  iodide,  0.5  percent 
reduced  the  range  from  5.20  to  14.3  percent  to 
6.29  to  12.3  percent  (93). 

Dilution  of  CH4-f202  With  Gases,  Inert  or 
Otherwise. — The  following  results  were  obtained 
with  downward  propagation  of  flame  in  a  Bunto 
burette  1.9  cm.  :n  diameter. 

Effects  oj  diluents  upon  flammability  of  CU(  -f  20, 

SmounJ  of  ('ll,  ’  *0,  irMdk, 
virt  Situ,  Hi  Mwi,  h  jirtienl 
at  limit  of  flammabilit,,  percent 

Diluent: 

Oxygen .  19.3 

Nitrogen _  23.3 

Carbon  dioxide .  31.9 

Nitrogen  has  a  greater  extinctive  action  than 
oxygen,  although  it  has  less  heat  capacity; 
carbon  dioxide,  which  has  much  greater  heat 
capacity,  also  has  a  greater  extinctive  action 
(93). 

"With  upward  propagation  of  flame  in  a  tube 
5  cm.  in  uinmetor,  the  limits  were  found  by  the 
writers  to  ho  11.85  percent  CH«4-20j  when 
diluted  with  argon  and  15.0  percent  when 
diluted  with  helium.  The  effect  of  the  differ¬ 
ence  in  thermal  conductivity  is  noteworthy. 

ETHANE 

ETHANE  IN  AIR 

The  limits  of  ethane  in  air.  nearly  dry,  with 
upward  propagation  of  flame  in  a  tube  5  cm. 
in  diameter,  open  at  the  firing  end,  were  found 
at  various  times  to  he  3.22  and  12.45  preen t 
(7.{),  3.1  ami  12.5  (1 40),  and  2.W  and  12.60 
percent  (138). 

Table  1(5  summarizes  other  determinations  of 
the  limits  of  ethane  in  air. 

The  higher  limit  varies  more  that*  the  lower 
with  the  direction  of  propagation  of  flame.  In 
closed  tubes  the  higher  limit  is  apparently  much 
affected  by  the  pressure  developed  during 
inflammation. 
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Table  16.  Summary  of  other  determinations  of  limits  oj  ethane  in  air 
Upward  Propagation  of  Flame 


Dimensions  of 
tube,  cm. 

Firing  end 

Limits,  percent 

Content  of 

Reference. 

No. 

Diameter 

length 

r 

Lower 

Higher 

ftQtitOlid  v  upor 

7.  5 
5.  0 

150 

150 

Closed... .  . 

_ do _ _ _ 

CO  CO 

to 

1  4.  !)5 
14.  8 

Half-saturated _ 

.  .do _ _ .  ..  . . 

srm 

Son 

Horiiontal  Propagation  of  Flame 

7.  5 

150 

Closed . . 

3.  15 

12.  85 

Half-saturated .  . 

Sot: 

5.  0 

150 

.  _  .do .  .  ..... 

3.  22  i 

11.  75 

do. 

Son 

2.  5 

150 

Open. .  _ 

3.  3  i 

10  <; 

Saturated . .  . . 

art 

Downward  Propagation  of  Flame 


7.  5 

150 

Closed _ _  .  . 

_  3.  26 

10.  15 

Half-sal  orated  _  .. 

S'n 

a  0 

150 

.  _  .do  _ _ _  .  . 

.  . .  3.  32 

10.  0 

.do _ .  .  .  _ 

Sot! 

2.0 

4U 

.  . _do  . .  .  .  .  . 

.  .  J  3  13 

!>  85 

27? 

1.  0 

40 

.  ..(!o.. . 

...  4  05 

<(.  55 

Saturated  .  .  . . .  . . . 

S2S 

Propagation  in  Global 

Capacity : 

1 

1 

! 

“Large 

Closed _  ... 

. i  3.4 

It).  7 

sr,n 

4,000  cc_. 

...  do.  . 

2.  1 

So 

2,000  cc 

.  do. 

3.  t 

Dry 

$2 

Fiat  UK  30. — Influence  of  Frwurr  on  Limit*  of  Some  Psralfin  H  vdrorarlsm*  :  Iluu  ttu  n-d  FropagAt ion  of  Flattie 


Influence  of  Turbulence,  in  it  4-li(er  globe 
the  lower  limit  for  ft  quiescent  mixture  was 
3.10  percent  ethane:  with  a  'an  running  at 
high  speed  inside  the  vessel  a  3. 2-percent 
mixture  did  not  ignite;  but  when  the  fan  was 
run  at  a  rnoderale  speed  r.  3.0-pcreent  mixture 
exploded,  producing  a  pressure  of  4 .3  atmos¬ 
pheres  (dot  n 

Influence  of  Pressure  Observations  f?77' 
in  a  eiosetl  tube  2  cm.  m  diameter  ami  40  cm. 


in  length.  with  downward  prop. station  of  flame 
ure  plotted  in  figure  30.  (For  a  dismission  of 
these,  ere  p.  3.) 

ETHAKE  rN  OXYGErf 

Tile  limits  of  ethane  in  oxygen  with  upward 
propagation  of  flame  in  u  tube  2  cm.  in  diameter, 
open  a!  the  firing  end,  itre  3.0.1  ami  60.0  percent 
(I'm,  I  HO). 
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An  old  observation  placed  the  higher  limit  Atmospheres  of  Air  and  Nitrogen  (Air  De- 
at  50.5  percent  ethane  with  downward  propa-  ficient  in  Oxygen).— -The  limits  -f  ethane  in  all 
gat  ion  of  flame  in  a  2-cm.  eudiometer  (243).  mixtures  of  air  and  nitrogen,  or  air  from  which 

part  of  the  oxygen  has  been  removed,  are 
ETHANE  IN  OTHER  ATMOSPHERES  shown  in  figure  31.  The  determinations  were 

made  in  a  tube  2  inches  in  diameter  and  6  feet 
Atmospheres  of  Composition  Between  Air  in  length,  with  upward  propagation  of  flume  at 

and  Pure  Oxygen. — The  lower  limit  of  e'hane  atmospheric  pressure  during  propagation.  From 

with  dow  nw  ard  propagation  of  flame  in  a  Bunte  the  ordinates  of  the  “nose”  of  the  curve  it  may 

burette  1.9  cm.  in  diameter  was  hardly  altered  be  calculated  that  no  mixture  of  ethane, 

as  tho  oxygen  in  the  atmosphere  was  increased  nitrogen,  and  air  can  propagate  flame  at 

to  94  percent;  the  higher  limit  rose  gradually  ttmospheric  pressur-  and  temperature  if  it 

from  9.5  in  air  to  33.4  in  a  60-percent  oxygen  contains  less  than  11.0  percent  oxygen  {!/,<!). 

mixture  and  to  46  in  a  94-percent  oxygen  Atmospheres  of  Air  and  Carbon  Dioxide, 
mixture  (S23).  Tim  limits  of  etliati  n  all  mixtures  of  air  ami 
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carbon  dioxide  arc  shown  in  one  of  the  curves  in 
figure  51.  The  determinations  were  made  as 
described  in  the  previous  paragraph  (/.}6‘). 

PROPANE 

PROPANE  IN  AIR 

The  limits  of  propane  in  air,  rearlv  dry,  with 
upward  propagation  of  Ibime  in  a  tune  ,r>  cm.  in 
diameter,  open  :.t  the  tiring  end,  are  2.57  and 
0.50  percent  (7.J),  2.15  and  it. 05  percent  (110). 

The  lower  limit  with  a  stationary  horizontal 
flame  (p.  10)  in  a  mixture  rising  nt  a  rate  of 
about  5  cm.  per  sec.,  was,  with  a  small  correction 
for  preheating,  2.12  percent  of  propnm  (2S(>). 

Table  17  gives  otb  t  determinations  of  the 
limits  of  propone  in  air. 


Influence  of  Pressure  and  Tempereture. — The 
limits  of  propane  in  air,  with  horizontal  propa¬ 
gation  of  flame  in  a  bomb  5.N  ,,n.  in  diameter 
and  15.5  cm.  in  length  at  100°  are  given  in 
a  diagiatn  (127).  Tim  range  of  llammability 
widens  from  about  2  to  II  percent  at  atmospheric 
pressure  to  2  to  17  percent  at  12  atmospheres. 
“Cool"  flames  then  make  their  appearance  in 
rich  mixtures  and  extend  the  higher  limit  to 
25.4  percent  fit  10.5  atmospheres. 

Observe  s  ions  ( :77)  in  u  closed  tube  2  cm.  in 
diameter  and  40  cm.  in  length,  with  downward 
propagation  of  llame  nt  atmospheric  tempera¬ 
ture  and  pressures  up  to  about  ti  atmospheres, 
are  plotted  in  figure  50.  (For  a  discussion  of 
these,  net  p.  5.) 


Taiii.k  17. — Sum  mar)/  of  other  drtrnn  millions  of  tint  its  of  propane  in  air 

Horiiontal  Propagation  of  Flame 


Dimcll  .:  its  l)f 
tuW\  cm. 


Diameter  l.en«th 


l'irittK  end 


Limits,  peicmt 


Lower  Hiatior 


Reference 

(  ontent  of  aeneous  va|i»r  \0 


2  5  150  Open.  .  2.4  7.3  Saturated  -'I 


Downward  Propagation  of  Flam* 


2  0  i0  Closed  2  10  li.  (Hi 


Propagation  oi  Globes 


Capacity : 

‘  l-arit!-"  Closed  2  .>7  5  S7I 

2..500  ec  do  2  17  Dry  .  .  .  . 


On  reducing  'he  pi-ssure  In-low  atmospheric, 
the  limits  approach  and  ultimately  meet  at 
altout  KM)  mm.  press-i,.-  :  ?.7.  125). 

PROPANE  IN  OXYGEN 

The  limits  of  propane  in  oxygen,  with  upward 
propagation  of  flame  in  a  2-ineh-dinmeter  lube 
open  nt  its  lower  end.  are  2  4  nt-.d  57  percent 
(23.);.  2.25  and  52.0  percent  ! I3S). 

PROPANE  IN  OTHER  ATMOSFHEREb 

Atmosphere*  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen  V  The  limits  of  propane  in  all 
mixtures  of  air  umi  mitogen  can  be  read  from 


one  of  tin-  curves  in  figure  52.  '!  tie  determina¬ 

tions  were  made  in  a  tube  2  inches  in  diameter 
ami  (i  feet  in  length,  with  upward  propagation 
of  flame  at  atmospheric  pressure  during  propa¬ 
gation.  From  the  ordinates  of  the  “nose"  of 
this  curve  it  may  he  calculated  that  no  mixture 
of  propane,  nitrogen,  and  air  rd  atmospheric 
pressure  and  temperature  can  propagate  flame 
tf  it  contains  less  than  110  percent  oxvgcn 
(/-{?)• 

Atmospheres  of  Air  and  Carbon  Dioxide. — 

The  limits  of  propane  in  all  mixtures  of  air 
and  carbon  dioxide  are  shown  in  figure  52. 
The  determinations  were  made  ns  described  in 
tin  previous  paragraph  (/-$'). 
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Atmospheres  of  Air  and  Dichlorodifluoro- 
methane.— The  addition  of  dichlorodilhioro- 
methnne  to  air  narrows  the  range  of  flamma¬ 
bility  of  propane  until,  when  13.4  percent  or 
more  is  present,  no  mixture  is  flammable  (170). 


Influence  of  Small  Amount*  of  “Pro¬ 
moters.”— The  addition  of  about  ()..■>  percent  of 
various  possible  “promoters”  (diethyl  peroxitle, 
acetaldehyde,  ether,  ethyl  alcohol)  had  little 
more  effect  on  the  limits  of  “propagas”  (96 
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Kioi  kk  32. —  Limits  of  flammability  of  I'lopaue  in  Mixtures  of  Air  am]  Nitrogen,  and  jf  Air  and  Carbon  Dioxide. 


Atmosphere*  of  Nitrogen  Peroxide,  and  of 
Air  and  Nitrogen  Peroxide  tN.O<:  ‘?NO:). 
The  Louts  of  propane  in  nitrogen  pem  ide  mid 
in  mixtures  of  air  and  nitrogin  peroxide 
(NiO«r— 2N()j).  with  upward  propagation  of 
(lame  in  a  tube  4  3  cm.  in  diameter,  open  at 
the  top,  are  shown  in  figure  33.  The  results 
are  given  on  n  weight  basis,  since  the  volume 
of  peroxide  is  less  easily  ascertainable  (123). 


percent  0,  hydrocarbons,  4  percent  C4  hydro¬ 
carbons,  96  percent  saturated)  in  air  (upward 
propagation  of  flume)  than  that  title  to  the 
thermal  effect  of  their  reaction.  The  same 
amount  of  nitrogen  peroxide  reduced  the  lower 
limit  by  0.14  percent  ami  increased  the  higher 
limit  hv  0.2  percent.  Ethyl  nitrate  (0.5  per¬ 
cent)  increased  the  higher  limit  from  9.6  to 
12.4  percent  (!)3). 
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BUTANE 

BUTANE  IN  AIR 

Th«*  limits  of  butane  in  air,  nearly  dry,  with 
upward  propagation  of  flame  in  a  tube  5  em. 
in  diameter,  open  at  the  firing  end,  were  1.86 
and  8.41  percent  (/.{);  1.S5  and  8. 10  {170) ;  and 
in  a  sliglitly  wider  tube  15.3  cm.  diameter) 
1.93  and  9.05  percent  (03) . 

The  lower  limit  with  a  stationary  horizontal 
flame  (p.  10),  in  a  mixture  rising  a*  a  rate  of 
about  5  cm.  per  second,  was,  with  a  small 
correction  for  preheating,  1.69  percent  of 
butane  (286). 

Table  18  gives  other  determinations  of  the 
limits  of  butane-air  mixtures. 

Influence  of  Pressure  and  Temperature. — The 
limits  of  butane  in  air.  with  horizontal  propaga¬ 
tion  of  flame  iu  a  bomb  3.8  cm.  in  diameter 


and  15.3  cm.  in  length,  at  100°  C..  are  given 
in  a  diagram  (127).  The  range  of  flammnnility 
widens  from  about  2  to  8  percent  at  atmospheric 
pressure,  to  2  to  16  percent  at  10  atmospheres. 
“Cool”  flames  then  make  their  appearance  ii, 
rich  mixtures  and  extend  the  higher  limit  to 
26  percent  at  15.5  atmospheres. 

Observations  (277)  in  a  dosed  tube  2  em.  in 
diameter  and  40  em.  in  length,  with  downward 
propagation  of  flame  at  atmospheric  tempera¬ 
ture  and  pressure  up  to  about  0  atmospheres, 
are  plotted  in  figure  30.  (For  a  discussion  of 
these,  stt  p.  3.) 

BUTANE  IN  OXYGEN 

The  limits  of  butane  in  oxygen  with  upward 
propagation  of  flame  in  a  »ube  2  inrhes  in 
diameter,  open  at  the  firing  end,  are  I  85  and 
49.0  percent  (138). 
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BUTAVE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen). — The  limits  of  butane  in  ail 
mixtures  of  air  and  nitrogen  are  shown  in  figure 
34.  The  determinations  were  made  in  a  tube 
2  inches  in  diameter  and  6  feet  in  length,  with 
upward  propagation  of  flame  at  atmospheric 
pressure  during  propagation.  From  the  ordi¬ 
nates  of  the  “nose”  of  the  curve  it  may  be  cal¬ 
culated  that  no  mixture  of  butane,  nitrogen, 
and  air  at  atmospheric  pressure  and  tempera¬ 
ture  can  propagate  flame  if  it  contains  less  than 
12.1  percent  oxygen  (147). 


Atmospheres  of  Air  and  Carbon  Dioxide.— 
The  limits  of  butane  in  all  mixtures  of  air  and 
carbon  dioxide  are  shown  in  figure  34.  The 
determinations  were  made  as  described  in  the 
previous  paragraph  ( H7). 

Atmospheres  of  Air  and  Argon  or  Helium. — 
The  limits  of  butane  in  mixtures  of  air  with 
argon  and  with  helium,  with  downward  propa¬ 
gation  of  flame  in  a  tube  2.2  cm.  in  diameter, 
nave  been  determined  (341). 

Atmospheres  of  Air  and  DicHorodifluoro- 
methane. — The  addition  of  dichiorodifluoro- 
methane  to  air  narrows  the  range  of  flamma- 


Table  18. — Summary  of  other  determination*  of  limits  of  butane  in  air 
Horizontal  Propagation  oi  Flam* 


Dimensions  of  tube, 

! 

|  Limits,  percent 

Firing  end 

j  Content  of  aqueous 

!  Reference 

Diameter  J 

I/ength  j 

|  i  i  vapor 

|  lower  Higher 

INO. 

2.  5  j 

i 

150 

Open . . 

. .  |  !  9  6.  5  Saturated _ 

1  .  1 

> 

i 

Downward  Propagation  oi  Flams 


2.2  _  Closed. 

20  40  do 


2.  2  7.  4 

1.  92  1  5.  50 


Propagation  in  Globa* 


Capacity: 

“Ijirge”...  . 
2,000  cc _ 


Closed, 

.do 


bility  of  butane  until,  when  13.2  percent  or 
more  is  present,  no  mixture  is  flammable  (170). 
In  a  l.ti-em.  tube  with  downward  propagation 
of  flame  the  corresponding  figure  is  8  percent 

(340. 

Atmospheres  of  Nitrous  and  Nitric  Oxides. — 
The  limits  of  butane  in  nitrous  oxide,  with 
downward  propagation  of  flame  in  a  tube  18 
mm.  in  diameter,  are  approximately  2.5  and  20 
percent.  In  nitric  oxide,  with  downward  prop¬ 
agation  in  a  15-nun.  burette,  the  limits  are  7.5 
and  12.5  percent  (339). 


Influence  of  Small  Amounts  of  “Pro¬ 
moters." — The  addition  of  0.5  percent  of  vari¬ 
ous  possible  "promoters"  (diethyl  peroxide, 
ethyl  nitrate,  nitrogen  peroxide,  nitrometh&ne, 
ether,  acetaldehyde,  methyl  iodide,  ethyl  bo¬ 
rate)  had  little  more  effect  on  the  lower  limit  ot 
butane  in  air  (upward  propagation)  than  that 
due  to  the  thermal  effect  of  their  reaction. 
Some  of  the  “promoters,"  especially  ethyl 
nitrate,  affected  the  higher  limit,  apparently  liv 
some  catalytic  action.  A  trace  of  lead  tetra¬ 
ethyl  narrowed  the  range  of  flammability 
slightly  (93) 
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Figure  34. — Limit*  of  Flammability  of  Butane  in  Mixture*  of  Air  and  Nitrogen,  and  of  Air  and  Carbon  Dioxide. 


ISOBUTANE 

ISOBUTANE  IN  AIR 

The  limit?  of  isobutane  in  air  with  upward 
propagation  of  flame  in  a  tube  2  inches  in  diam¬ 
eter  and  6  feet  in  length  at  approximately 
atmospheric  pressure  are  1.83  and  8.43  percent 
{175). 

ISOBUTANE  IN  OXYGEN 

The  limits  of  isobutane  in  oxygen  with  up¬ 
ward  propagation  of  flame  in  a  tube  2  inches  in 
diameter,  open  at  the  firing  end,  are  1.80  and 
48.0  percent. 

ISOBUTANE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Nitrogen,  and  of 
Air  and  Carbon  Dioxide.  The  limits  of  iso¬ 


butane  in  atmospheres  of  air  and  nitrogen,  nnd 
of  air  and  carbon  dioxide,  are  almost  identical 
with  the  corresponding  limits  of  butane  (175). 

PENTANE 

PENTANE  IN  AIR 

The  limits  of  pentane  in  air,  with  upward 
propagation  of  flame  in  a  tube  5  cm.  in  diameter 
and  open  at  the  firing  end,  arc  1.42  am!  7.80’ 
percent  (185)  and  in  a  similar  tube  o.d  cm.  in 
diameter  the  lower  limit  is  1.62  percent  (84). 

*  The  jirnlsiP  U'rii  in  the  (Irtcrmhinfinn  of  these  limit.*  hr 

l hr  American  IVtroVum  Institute,  Hen-arch  Project  t\  K  M.*or<f, 
Director.  Limits  rejmrtisi  for  a-hciaw*.  cyrtoheinne,  cl  by  I  cycloloitiinc, 
ethyl  cyrln|trniiutr,  ithrplnnr,  methyl  henrene  '(oltli*n*>,  ethyl  tyilo- 
hvxanr,.1,1  ilielhyl  \ir  jitano,  trtn»m*  thyl  {irntanr,  tlk-1  hyj  i*-nrcno 

n-huk)l  bemu-ne,  vc.  hmyl  hditmc.  Uolmtyl  h«-nrrr»t\  an-i  terl-hufyl 
hrruenr,  hv  Moreau  of  Mini*  (ref  fWt  in  vi»riott«  section'  of  this  bulletin, 
wite  obtained  with  ttmiilf'  of  hi*«’i  puriiy  supplied  by  ihe  aNivc 
InMiUitc 
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Table  19. — Summary  oj  other  determinations  of  limits  oj  pentane  in  air 
Upward  Propagation  oi  Flame 


Dimensions  of 
tube,  cm. 

Firing  end 

Limits,  percent 

Content  of  aqueous 
vapoi 

Reference 

No. 

Diameter 

Length 

Lower  Higher 

7.  5 

5.  0 

150  Closed. . .  1.  42  8.0 

150  |  ...  do _ _ _ _  1.  43  8  0 

1 

H alf-saturated . _  J  358 

_ do _ !  366 

1 

Horiiontal  Propagation  oi  Flame 


7.  45 

Half-saturated 

6.  70 

_  do _ _ 

5.  4 

Sat  u  i.xted . 

Downward  Propagation  oi  Flame 


7.  5 

150  i 

Closed _ _ 

1  1  ! 

. !  1.  48  I  4.  04 

0.  2 

33 

!  Open  . 

_ :  1.3  :  . ! 

5.  0 

150 

1  Closed _ 

. |  i.  49  j  4.  50  ; 

5.  0 

65 

_ _ 

_ 1  1.43  4.0  ' 

5.  0 

05 

Open  . 

. J  1.50  4.75 

2.  0 

40 

Closed  _  .... 

. j  1.  75  1  4.  68 

I.  9 

40  1 

_ do . . 

. |  2.  4  j  4.  0 

Half-saturated. 
Saturated  . .  . 
Half -saturated. 
Dry  _ 


Saturated. . 


Propagation  in  Venelt  Other  Thun  Tuhei 


356 

356 

171 


S66 

96 

368 

318 

S3 

377 

96 


1 

Capacity:  ! 

(ilolie,  14.5  liters  . .  .... 

s  i 

1.2  _ ! _ _ _ 

96 

!jirge .  .  . .  . . 

1.4  !  4.5  | . . . 

371 

1.  I  i  . 1 . 

330 

39 

1.  37  ! . | . 

i 

i  !  ' 

Tobies  19  summarizes  other  determinations 
of  the  limits  of  pentane  in  air. 

Influence  of  Pressure. — Observations  (277)  in 
a  clos  'd  tube  2  cm.  in  diameter  ami  4(1  cm.  in 
length,  with  downward  propagation  of  flame, 
are  plotted  in  figure  30.  (For  a  discussion  of 
these  curves,  ere  p.  3.) 

The  effect  of  reduced  pressure  on  the  limits  of 
igniiibility  of  pentane  by  a  standard  spark, 
rather  than  its  limits  of  flammability,  have  been 
reported  (13). 

Influence  of  Temperature. — In  a  closed  tube 
2.5  cm.  in  diameter  and  l.r>0  cm.  in  length,  with 
downward  propagation  of  flame,  the  lower  limit 
decreased  lmearlv  from  I..r>3  percent  at  about 
17°  (\  to  1.22  percent,  at  309°  C. ;  the  higher 
limit  increased  linearly  from  4  50  percent  at 
about  17°  C.  to  5.35  percent  at  3004  C.  (368). 


PENTANE  IN  OTHER  ATMOSPHERES 

Atmoapheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen).— The  limits  of  pentane  in  all 
mixtures  of  air  and  nitrogen  are  shown  in  figure 
35.  The  determinations  were  made  in  a  tube 
2  inches  in  diameter  and  (5  feet  in  length,  with 
upward  propagation  of  flume  at  atmospheric 
pressure  during  propagation.  From  the  ordi¬ 
nates  of  the  “nose"  of  th»  curve  it  may  be 
calculated  that  no  mixture  of  pentane,  nitrogen, 
and  air  at  atmospheric  pressor*  and  tempera¬ 
ture  can  propagate  flame  if  it  contains  less  than 
12.1  percent  of  oxygen  ( I3S ). 

Atmosphere*  of  Ai.  and  Carbon  Dioxide. — 
The  limits  of  pentane  in  all  mixtures  of  air  and 
carlton  dioxide  are  shown  in  figure  35.  The 
determinations  were  made  as  described  in  the 
previous  paragraph  (138). 
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ISOPENTANE 

The  limits  of  isopentane  in  air,  with  upward 
propagation  of  flame  in  a  2-inoh-diameter  tube 
open  at  the  lower  end,  the  mixture  being  at 
450  to  500  mm.  pressure  initially  but  attaining 
atmospheric  pressure  during  the  propagation  of 
the  flame,  are  1.35  and  7.00  percent  (138). 

The  lower  limit,  of  isopentane  in  a  2-liter 
globe  is  1.32  percent  (32). 

Influence  o?  Temperature. — The  limits  of  iso¬ 
pentane  in  air  with  downward  propagation  of 
flame  in  a  2^-liter  bottle  widen  from  1.43  and 
4.85  percent  at  100°  C.  to  1.10  and  5.25  at 
250°  C.  (21,  23). 

2,2  DIMETHYLPROPANE 

The  limits  of  2,2  dimethylpropane  in  air, 
with  upward  propagation  of  flame  in  a  2-inch- 
diameter  tube  open  at  the  lower  end,  are  1.38 
and  7.50  percent  (138). 

HEXANE 

HEXANE  IN  AIR 

The  limits  of  hexane  in  air  in  a  5-cm.- 
diameter  tube  are  1.27  and  6.90  percent 
(149,  150),  1.18  and  7.43  percent  (138)-,  in  a 
5.3-cm.-diameter  tube  the  lower  limit  is  1.46 
percent  (94);  in  a  4.8-cm.-diameter  tube  the 
limits  are  1.45  and  7.50  percent;  and  in  a  10,2- 
cm.-diaineter  tube  1.45  and  5.70  percent  (38), 
all  with  upward  propagation  of  flame  from  an 
open  end. 

The  lower  limit  of  hexane  in  a  2-liter  open 
bottle,  apparently  with  downward  propagation 
of  flame,  is  1.3  percent  (221);  in  u  tj-cm.  tube, 
with  downward  propagation  of  flame,  the 
limits  were  about  1.2  and  3.6  percent  (325) . 

Influence  of  Impurities. — The  limits  cf  hexane 
in  air  were  slightly  narrowed  by  the  presence 
of  iron  CArbonvl  (0.03  cc.  of  liquid  vaporized  per 
liter)  (325). 

Influence  of  Pressure  and  Temperature. — The 
limits  of  hexane  in  air,  with  horizontal  prop¬ 
agation  of  flame  in  a  bomb  3.8  cm.  in  diameter 
and  15.3  cm.  in  length,  at  several  temperatures 
and  pressures  up  to  14  atmospheres,  are  shown  in 
figure  30  (127,  332).  Normal  flames  were 
obtained  up  to  4  atmospheres,  but  at  4.1 
atmospheres  and  150°  C.  a  “cool  flame’’ 
appeared  with  mixtures  from  11  to  22  percent 
of  hexane,  the  norma!  flame  being  limited  to 
mixtures  from  1  2  to  7.0  percent  At  press  ires 
above  4.8  atmospheres  (lie  two  ranges  met; 
for  example,  at  0.5  atmospheres  mixtures  of  1 
to  14.5  permit  of  hexane  propagated  normal 
flames  and  14.5  to  32  percent  propagated  “eooi" 
flames.  Flames  in  mixtures  up  to  0.5  percent 
were  whitish  or  yellowish,  0.5  to  11  percent 
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Ficcrk  30. — Influence  of  Pressure  mi  Flammable 
Hanaes  of  Hexane-Air  Mixtures. 

orange  or  reddish  (with  deposition  of  carbon 
or  tar),  and  beyond  I !  percent  blue  (without 
carbon  deposition,  but  with  formation  of  much 
aldehyde). 

The  lower  limit  with  upward  propagation 
of  flame  in  a  cylinder  30.6  cm.  in  diameter  and 
39  cm.  in  length,  vented  at  its  upper  end,  is 
1.08  percent  at  room  temperature.  0.90  perrent 
nt  100°  C,,  and  0.72  percent  at  200°  C.  (239). 

The  limits  of  hexane  in  air  have  been  deter¬ 
mined  in  a  700-cr.  bomb  at  temperatures  up 
to  220°  C.  and  pressures  up  to  1 1.7  atmospheres, 
hut  in  this  series  the  mixture  was  maintained  at 
the  experimental  temperature  and  pressure  for 
30  to  45  minutes  before  testing,  in  order  to 
allow  preflame  combustion  to  occur.  The 
limits  found  are  therefore  of  a  complex  mixture 
of  unknown  composition  ( 2 

Curves  showing  the  influence  of  pressure  up 
to  500  atmospheres  on  the  limits  of  n-hexane 
in  nir  have  been  given  (11),  but  the  range  of 
flammability  seems  to  be  impossibly  wide. 

The  limits  with  horizontal  propagation  of 
flame  in  a  4.5-cm.-dinineter  tube,  at  20 0  and 
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100°  C.  and  pressures  below  atmospheric,  are 
given  in  a  diagram  {125).  The  effect  of  reduced 
pressure  on  the  limits  of  ignitibility  of  these 
mixtures  by  a  standard  spark,  rather  than  their 
limits  of  flammability,  have  beer,  examined  {IS). 

HEXANE  IN  OXYGEN 

The  limits  of  hexane  in  oxygen,  with  hori¬ 
zontal  propagation  of  flame  in  a  bomb  3.8  cm. 
in  diameter  and  15.3  cm.  in  length,  at  ’00° 
and  150°  C.  and  0  to  3  atmospheres  pressure. 


figure  38.  The  determinations  were  made  in 
a  tube  2  inches  in  diameter  and  6  feet  in  length, 
with  upward  propagation  of  flame  at  atmos¬ 
pheric  pressure  during  propagation.  From  tho 
ordinates  of  the  "nose”  of  the  curve  it  may  be 
calculated  that  no  mixture  of  hexane,  nitrogen, 
and  air  at  atmospheric  temperature  and  pressure 
can  propagate  flame  if  it  contains  less  than  1 1.9 
percent  oxygen  (/.(.9). 

Atmospheres  of  Air  and  Carbon  Dioxide. — 
The  limits  of  hexane  in  all  mixtures  of  air  and 
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Fiocicr.  37.  —  Influence  of  Prvwiurc  on  Flammable  Range*  of  Hexane-Oxygen  Mixture*. 


are  shown  in  figure  37  {127,  832).  "Cool"- 
flamc  ranges  are  indicated  by  the  shaded  branch 
curves.  It  will  be  seen  that,  at  150°  C.,  cool 
flarnca  can  be  obtained  in  certain  hexane-oxygen 
mixtures  at  pressures  from  0.9  atmosphere  up¬ 
ward;  the  corresponding  figure  for  hexane-air 
mixtures  at  150°  C.  is  4.1  atmospheres. 

HEXANE  IN  OTHER  ATMOSPHERES 

Atmosphere*  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen).  -The  limits  of  hexane  in  all 
mixtures  of  air  and  nitrogen  are  shown  in 


eariion  dioxide  are  shown  in  figure  38.  Tho 
determinations  were  made  as  described  in  the 
previous  paragraph  (/.{.'/). 

Atmospheres  of  Air  and  Certain  Halogenated 
Hydrocarbons. — The  addition  of  increasing 
amounts  of  methyl  bromide  to  the  nir  causes 
the  limits  of  hexane  to  appronrh  and,  in  a 
2-inrh  tube,  to  meet  when  7.05  percent  of  the 
mixture  is  methyl  bromide;  in  a  4-inch  tube, 
when  f>.0  percent  is  methyl  bromide..  With 
dichlorodifluoromothaiie  (“freon-12")  in  similar 
experiments,  in  n  2-ineh-dinmcter  tube,  the 
corresjHindmg  figure  is  13.5  percent  of  freon  [38). 
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OXYGEN  !N  ORIGINAL  ATMOSPHERE  a  PERCENT 
20  IS  18  17  16  15  14  13  12 
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GASES  IN  ORIGINAL  ATMOSPHERE,  PERCENT 

Fiaum  38 — Litni's  of  Flammability  of  Mcxativ  in  Mixtures  of  Air  and  Nitrogen,  and  of  Air  aud  Carbon  Dioxide. 


DIMETHYL  BUTANES 

The  limits  of  2,2  ami  2,3  dimethyl  butanes 
in  air,  with  upward  propagation  of  flame  in  u 
2-mch-dUin'etcr  tube  open  at  the  lower  end, 
are  the  same,  1.20  and  7.00  percent  {138). 

METHYL  PENTANE 

Th<‘  limits  of  2-methyl  pentane  in  air,  with 
upward  propagation  of  flame  m  a  2-im  h-diain- 
eter  tube.  4  feet  in  length,  closed  at  the  lower 
end  for  the  lower  limit  and  open  for  the  higher 
limit,  are  1.18  and  6.1)0  percent  (MS). 

HErTANE 

The  limits  of  heptane  in  air.  with  upward 
propagation  of  flume  in  a  2-ineh-diameter  ttil>e, 
open  ut  the  lower  end,  are  1.10  and  6.70  percent 
(MS),  and  in  n  similar  tube  5.3  cm.  in  diameter 
the  lower  limit  is  1.26  percent  (Iff). 

The  limits  of  heptane  in  air  (dimensions  of 
vessel  ami  direction  of  flame  propagation  not 


stated)  are  1  and  6  percent  (/Of).  An  observa¬ 
tion  mode  in  a  2-hter  open  liottlo,  apparently 
with  downward  propagation  of  flame,  gave  1.1 
percent  as  the  lower  limit  of  heptane  in  air  (221). 

DIMETHYL  PENTANE 

ITie  limits  of  2,3  dimethyl  pentane  in  air,  with 
upward  propagation  of  flume  in  a  2-inrh-diam- 
eter  tube,  open  at  the  lower  end,  are  1.12  and 
6.75  percent  (MS). 

OCTANE 

The  lower  limit  of  octane  in  air,  with  upward 
propagation  of  flame  in  a  lube  2  inches  in 
diameter,  open  at  the  firing  end,  is  0.1)5  percent 
(1SH),  1,00  percent  (MS l.  and  in  a  similar  tube 
5.3  ern.  in  diameter,  1.12  percent  (Iff).  The 
lower  limit  in  a  2-liter  open  Mule,  apparently 
with  downward  propagation  of  flame,  if  1.0 
percent  (221). 
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ISO-OCTANE 

The  lower  limit  of  “iso-octane”  (2,2,4  tri¬ 
methyl  pentane)  in  air,  with  upward  propaga¬ 
tion  of  flame  in  a  tube  5.3  cm.  in  diameter,  is 
1.15  percent  (.04).  In  a  tube  2.5  cm.  in  diam¬ 
eter,  18  inches  in  length,  open  at  the  top,  the 
limits  are  0.38  and  6.03  percent  ( 138 ). 


chloride  that  will  render  mixtures  with  various 
hydrocarbons  nonflammable:  (a)  When  the  mix¬ 
ture  is  volatilized  as  completely  as  possible  at 
room  temperatures,  (b)  when  a  flame  in  pre¬ 
sented  momentarily  to  the  free  surface  of  the 
liquid  mixture,  and  (r)  when  a  flame  is  pre¬ 
sented  momentarily  to  the  exposed  end  of  a 
wick  dipping  into  the  mixture  (148). 


NONANE 

The  lower  limit  of  nonane  in  air  in  a  2-liter 
open  bottle,  apparently  with  downward  propa¬ 
gation  of  flame,  is  0.83  percent  (221). 

DIETHYL  PENTANE 


Table  20. — Minimum  percentages,  by  volume ,  of 
carbon  tetrachloride  in  nonflammable  mixtures 
with  hydrocarbons 


Hydrocarbon 


VaiKir- 
iztxl  fa ) 


liquid  1 
snrfiu'e  (M  : 


Mriuid  on 
wipk  (r) 


The  limits  of  3,3  diethyl  pentane  in  air,  with 
upward  propagation  of  flame  in  a  1 -inch-diam¬ 
eter  tube,  open  at  its  upper  end  and  at  a 
sufficient  temperature  to  volatilize  the  diethyl 
pentane,  are  0.74  and  5.75  percent  (138). 


Pfntwie  .  07  7i* 

Hexane...  .  70  63.5  67 

Heptane  .  70  W  58 

Octane.  .  67  30  j  «7 

N'aphtha  .  70  50  I 

Uasoline . w  ,  50  58 

1  { 


TETRAMETHYL  PENTANE 

The  limits  of  2.2, 3, 3  totramethyl  pentane  in 
air,  with  upward  propagation  of  flame  in  a 
2-inch-diameter  tube,  18  inches  in  length,  open 
at  its  upper  end  and  at  100°  C-,  are  0.77  and 
4.90  percent  (138). 

DECANE 

The  lower  limit  of  decane  in  air  (dimensions 
of  apparatus  and  direction  of  flame  propagation 
not  stated)  is  0.67  percent  (253). 

More  recent  determinations  of  the  limits  of 
n*dccano  in  air,  with  upward  propagation  of 
flame  in  a  2-inch-diamotcr  tube,  IS  Inches  in 
length,  open  at  ds  upper  end  ami  at  100°  C., 
are  0.77  and  5.35  percent  (138). 


The  amount  of  carbon  tetrachloride  that 
must  he  added  to  naphthas  to  render  them 
“reasonably  safe  from  fire  hazards”  is  as  fol¬ 
lows  (6‘) : 


N»phUu  Demil  ty 


Distillation 
nuige.  ° 


('■STlvon  t?!rv 
|  chlurUU*  by 
(  volume  re- 
j  tttjlrtxl  lo 
remler  tittphlri:) 
i  tin  lily 

.xafr  from  fire 
luMtiriK” 
JUTiTMt 


1 

0.  7.5* 

121*  1 

)  ntiovi*  1*0... 

30 

2 

725 

M)  It 

uh»\r  1 40_  . 

45 

3 

.  ftyn 

.VI  It 

«U»v.*  115  .  . 

V) 

4 

.Vi  ti 

:iU»Vr  lit).  .  .  [ 
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ETHYLENE 


DODECANE 


ethylene  in  air 


The  lower  limit  of  dodeeane  in  air  (dimen¬ 
sions  of  apparatus,  direction  of  flame  propaga¬ 
tion,  and  temperature  not  stated)  is  0.60  per¬ 
cent  (101). 

PARAFFIN  HYDROCARBONS  IN  GENERAL 
PARAJTIN  HYDROCARBONS  IN  AIR 

The  lower  limits  in  air  of  members  of  the 

Smraflm  scries,  with  upward  propagation  of 
lame  in  a  2-inch  tube,  are  given  approximately 
by  the  broken  curve  in  figure  58  (as  described 
on  p.  1 14). 

HIGHER-PARAFFIN  HYDROCARBONS  IN  OTHER 
ATMOSPHERES 

Atmosphere*  cf  Air  Rnd  Carbon  Tetra¬ 
chloride. — Table  20  slows  the  minimum  per¬ 
centages,  by  volume,  of  liquid  carbon  tetra- 


TIk'  limit m  of  ethvlenc  in  air,  with  upward 
propagation  of  visible  (lame  in  n  tube  5  cm.  in 
diameter,  open  at  the  firing  end,  are  3.05  and 
28.6  percent  (/.{.{),  and  3.15  and  28  to  29  per¬ 
cent  (38).  An  invisible  flattie,  detectable  by  a 
resistance  thermometer  or  thermocouple  at  the 
top  of  the  tube,  travels  throughout  the  150-cm. 
length  of  the  tube  in  mixtures  over  the  higher 
limit  of  visible  flame  propagation,  up  to  52  0 
pen-ont.  When  the  diameter  of  the  tube  is 
increased  to  10.2  cm.  however,  the  limits  arc 
3.20  and  22.7  percent  only  [38). 

Tabic  21  summarizes  other  determinations  ol 
the  limits  of  ethylene  in  air 

The  higher  limit  depends  very  much  on  the 
direction  of  propagation  of  flame. 

Influence  of  Presume.  Experiments  in  a 
small  cylindrical  Iwsiub  (14)  showed  that  pres¬ 
sure  hail  a  pronounced  effect  on  the  limits  of 
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ethylene  in  air.  The  lower  limit  rose  from  ,'1.5  diameter  tube,  open  at  the  firing  end  into  a 

percent  at  normal  pressure  to  5  percent  at  20  large  reservoir  of  air  which  maintrins  almost 

atmospheres,  then  fell  to  1.5  percent  a*  M80  constant  pressure  during  the  experiment,  the 

atmospheres.  The  higher  limit  rose  rapidly  limits  converge  and  meet  at  about  90  mm. 

from  10  percent  at  normal  pressure  to  08  per-  pressure.  The  higher-limit  side  of  the  curve 

cent  at  90  atmospheres,  then  rose  slowly  to  71  shows  irregularities  in  that,  in  certain  ranges 

percent  at  .'180  atmospheres.  of  pressure,  there  is  a  narrow  range  of  composi- 

At  pressures  below  atmospheric,  in  r,  1-inch-  tion  in  which  flame  is  not  propagated  1 104). 

Table  21 . — Summary  of  o ther  determinations  oj  limits  of  ethylene  in  air 

Upward  Propagation  of  Flame 


Dimensions  of  tube, 
cm. 

Firing  end 

Limits,  percent  1 

1 

Content  of  aqueous 

i 

! 

1  Reference 

i 

!  1  i 

vapor 

No. 

Diameter  j  I.cnvth  !  Lower  Higher 

I  t  .  1  - 


10.  2  j 

90 

Closed 

i 

2.  75 

24.  0 

Small 

18S 

7.  5  | 

150 

do.. 

a  02 

34 

Half-saturated 

!  350 

0.  2  1 

33 

Open  .  .  _ 

a  4 

20.  55 

do 

96 

5.  0 

150 

Closed  _  . 

a  13 

33.  3 

do.  .  .  _  .  . 

. .  .  1  360 

2.5  | 

150 

do.. 

a  is 

27.  6 

do _  . ... 

1  86  S 

2.  5 

!  50 

Open .... 

a  3 

25.  6 

Small 

j  49 

Horixontcl  Propagation  ot  Flame 


i 

7.  :> 

150 

( ’losed 

3.  20 

23.  7 

Half-saturated 

360 

ft.  0 

150 

do.. 

3  25 

22.  4 

do 

35  6 

2.  ft 

150 

do  . 

a  30 

K.  0 

flu 

350 

2  ft 

150 

Open 

3.  4 

14.  1 

Snuil 

49 

2.  ft 

lftt) 

(io 

a  30 

1H,  25 

do 

111 

2.  ft 

150 

do  . . 

a  i 

15.  ft 

to.; 

Downward  Propagation  of  Flam* 

7.  “> 

150 

Closed 

a  :»3 

15  5 

Half-saturated 

350 

0  2 

33 

Open 

a  4 

Saturated 

fi.  0 

120 

3  45 

14.  7 

1‘artlv  dried 

385 

ft.  0 

150 

( ’losed 

3  12 

15.  3 

Half-saturiiLsI 

350 

4.  0 

Hi 

d<> 

4  0 

1 4.  5 

184 

2  ft 

150 

do 

3  45 

13.  7 

Half-'ttluratisi 

350 

2.  ft 

150 

( )pen 

a  « 

It  7 

Sionl! 

49 

l.  9 

40 

( 'losed . 

4.  1 

14  (i 

Sat  urated 

96 

1.  9 

•10 

do 

a  o 

14  1 

do 

383 

1.  « 

30 

do 

a  i 

II  1 

Dried 

817 

Influence  of  Temperature  —  Of  two  ts  of  ob¬ 
servations  (Id,  3 -IS)  on  the  influence  of  tempera¬ 
ture,  one  appears  to  he  reliable  .  The 

determinations  were  made  in  a  dosed  lube  2.5 
cm.  in  diameter  and  150  cm.  in  length,  with 
downward  propagation  of  liamc.  The  lower 
limit  decreased  linearly  from  5.15  percent 
ethylene  at  about  17c  ('.  to  2.50  percent  at 
4 ()("■'  t\  The  higher  limit  increased  from  1.1.7 
percent  at  about  17a  ('.  to  I  T9  percent  at 
.'hH)-’  (\;  the  rate  of  increase  became  greater 
ns  tin  temperature  was  increased. 

Influence  of  Impurities— -The  lower  limit  of 
ethylene  m  air  was  scarcely  affected  by  small 
quantities  of  iron  radioed.  The  higher  limit 
was  reduced  fmm  14.7  to  12.4  percent  by  iron 

‘i.iIMfur  M  (1 


carbonyl  ((UK!  n\  liipiid  vujMirixed  per  liter; 
tdAT  i . 

ETHYLENE  IN  OXYGEN 

The  limits  of  cthyleii**  in  oxygen  with  upward 
propaga.  ion  of  flame  in  a  I  ube  5  cm.  in  diamdet . 
open  a'  the  firing  end.  arc  1 0  and  79.9  pi  recni 
(/,;>.  2.90  and  79.9  [10.3  i. 

Table  22  summarizes  other  d<  term  million- 
of  the  limits  of  ethviene  in  oxygen. 

Influence  of  Prewure.  ('erlnin  ithyhne- 
oxygeii  mixiures  arc  still  finmumblr  ai  MO  mm. 
pressure  (tin).  'I'bis  is  confirmed  and 

two  small  irregularities  are  shown  on  the  tnglier- 
limii  brnneh  of  the  diagiitm  showing  the  relation 
between  pressure  and  limits. 
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Table  22. — -Summary  of  other  determinations  oj  limits  oj  ethylene  in  oxygen 
Upward  Propagation  of  Flume 


Dimensions  of  tuhe, 
cm. 

1 

Firing  end 

Limits,  percent  ' 

Content  of  aqueous  vapor 

Reference 

No. 

. 

Diameter  |  Length 

i  i 

Lower  j  if  lithe. 

10.  2  90 

i 

Closed _ _ _ _ 

2.  90 

:  1 

Small  _ _  _ 

1SS 

Downward  Propagation  of  Flame 

4  !  16 

1 

Closed  _ _ _  1 

1  1 

Si  1  70 

124 

2  1  -  ..... 

do _  _ _  _ 

3.  1  |  03 

_  . . |  .  _ 1 

Water- sealed _ _  _ 

1  3.  4  1  77.  5  i 

Saturated . . . 

$4$ 

1.4  1  -..-J 

1 

Closed  .  . 

4,  \  I  00.  2 

!  ! 

202 

1  The  pffwnce  of  5  |*'nvnl  <‘f  carbon  dioxide  reduces  thL'  figure  l«»  to. 
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Influence  of  Impurities. — The  addition  of 
small  quantities  of  nitric  oxide  to  various 
mixtures  of  ethylene  and  oxygen  reduces  the 
minimum  ignition  pressure  and  may,  therefore, 
widen  the  range  of  flammability  (104). 

ETHYLENE  IN  OTHER  ATMOSPHERES 

AH  Atmospheres  of  Oxygen  and  Nitrogen. — 
The  composition  of  all  flammable  mixtures  of 
ethylene,  oxygen,  and  nitrogen  is  shown  in 
figure  39.  The  determinations  were  made  in  a 
2-inch-dianietcr  tube,  open  at  the  lower  end, 
with  upward  propagation  of  flame  (163). 

Atmospheres  of  Composition  Between  Air  and 
Pure  Oxygen. — The  lower  limit  of  ethylene,  for 
downward  propagation  of  flame  in  a  Bunte 
burette  1.9  cm.  in  diameter,  increased  slightly 
as  the  oxygen  in  the  atmosphere  was  increased 
to  94  percent;  the  higher  limit  rose  gradually 
from  14.1  percent  in  air  to  47.6  in  a  60-percent 
oxygen  mixture  and  to  62  in  a  94-percent 
oxygen  mixture  (333). 

Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  inOxygenl. — The  limits  of  ethylene  in  all 
mixtures  of  air  and  nitrogen,  or  air  from  which 
part  of  the  oxygen  has  been  removed,  are  shown 
m  figure  40.  The  determinations  were  made 
with  upward  propagation  of  flame  in  a  tube  2 
inches  in  diameter  and  6  feet  in  length,  open 
at  the  firing  end  (144). 

Atmospheres  of  Air  and  Carbon  Dioxide. — 
The  limits  of  ethylene  in  all  mixtures  of  air  and 
carbon  dioxide  are  shown  in  figure  40.  The 
determinations  were  made  as  described  in  the 
previous  paragraph. 


Some  earlier  observations  (95)  show,  as 
might  be  expected,  more  rapid  narrowing  of 
the  limits  in  a  Bunte  burette. 

The  limits  for  downward  propagation  of 
flame  in  a  tube  l.fi  cm.  in  diameter  have  been 
recorded  (217). 

Atmospheres  of  Air,  Nitrogen,  and  Carbon 
Dioxide. — The  limits  with  downward  propaga¬ 
tion  of  flame  in  a  tube  1.6  cm.  in  diameter  have 
been  given  (217). 

Atmospheres  of  Air  and  Methyl  Bromide. — 
The  addition  of  increasing  amounts  of  methyl 
bromide  to  the  air  causes  the  limits  of  ethylene 
to  approach  and,  in  a  2-inch-diameter  tube,  to 
meet  when  li  65  percent  of  methyl  bromide  is 
present.  The  lower  limit  of  ethylene  is,  how¬ 
ever,  appreciably  reduced  (down  to  1.95  percent 
with  10.5  percent  of  methyl  bromide),  showing 
that  the  bromide  takes  some  part  in  the  com¬ 
bustion  (S3).  (For  a  comment,  compare  the 
corresponding  paragraph  on  hydrogen,  p.  22.) 

Atmospheres  of  Carbon  Dioxide  and  Oxy¬ 
gen. — The  limits  of  ethylene  in  a  carbon  dioxide- 
oxygen  atmosphere  were  given  in  some  old 
experiments  of  doubtful  accuracy  (346).  (See 
also  a  footnote  to  table  22.) 

Dilution  of  C.H4+302  With  Gases,  Inert  or 
Other  wise.— The  following  results  were  obtained 
with  downward  propagation  of  flame  in  a 
Bunte  burette  1.9  cm.  in  diameter  (95): 

Effect  of  diluents  upon  flammability  of 
C.lh+30, 

Amou*!  o/  Cifli+SOi 
ir hick,  r&A  dilu/nt 
newtf.  it  prtttni 
H  mK  ffa  m  mabilitp, 
Ptrctni 

Diluent : 

Oxygen . .  15.4 

Nitrogen . . . .  18.  5 

Carbon  dioxide. . . . .  22  i 


10  20  30  40  50 

CARBON  DIOXIDE  OR  ADDITIONAL  NITROGEN  IN 
ORIGINAL  ATMOSPHERE,  PERCENT 

Fhivbk  40.  —Limit*  o(  Flmnmahilit  v  of  Kthylene 
in  Air  and  Carbon  Dioxide  or  h'lUxigen. 


Atmospheres  of  Oxygen  and  Helium. — The 
composition  of  ull  flammable  mixtures  of 
ethylene,  oxygen,  and  helium  is  given  by  a 
curve  almost  identical  with  that  of  figure' 39, 
except  that  the  "nose'  of  the  curve  is  at  8.5 
percent  oxygen  (163). 

Atmosphere  of  Nitrous  Oxidc.--The  limits  of 
ethylene  in  nitrous  oxide,  with  upward  propa¬ 
gation  of  flame  in  a  2-inch-dinmeter  tube  open 
at  the  lower  end.  are  1.90  ami  40.2  percent  (163). 

With  downward  propagation  of  flame  in  a 
closer!  tube  4  cm.  in  diameter  and  16  cm.  in 
length,  the  limits  arc  5  and  35  percent.  The 
presence  of  10  percent  of  oxygen  raises  the 
higher  limit  to  47  percent  (124). 

Atmospheres  of  Oxygen  and  Nitrous  Oxide. — 
The  lower  limit  of  ethylene  in  mixtures  of 
oxygen  ami  nitrous  oxide  falls  slightly  a*  the 
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percentage  of  nitrous  oxide  rises  to  50,  then 
more  rapidly  as  it  rises  to  100  (163). 

PROPYLENE 

PROPYLENE  IN  ’AIR 

The  limits  of  propylene  in  air,  with  upward 
propagation  of  flame  in  a  2-ineh-diameter  tube 
open  at  its  lower  end,  are  2.40  and  10.3  percent 
(151). 


PROPYLENE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen). — The  limits  of  propylene  in 
all  mixtures  of  air  and  nitrogen  an1  shown  by 
one  of  the  curves  of  figure  41.  The  determina¬ 
tions  were  made  in  a  2-inch-diameter  tube,  open 
at  the  lower  end,  with  upward  propagation  of 
flame.  No  mixture  of  propylene,  air,  and 
nitrogen  is  flammable  if  it  contains  less  than 
11.5'percent  of  oxygen  (151). 


OXYGEN  IN  ORIGINAL  ATMOSPHERE,  PERCENT 


Fiocar  41.— Limits  of  Flammability  of  Propylene  in  Mixtures  of  Air  and  Addin!  Nitniitm  und  (‘arlx.ui  Dioxide. 


Table  23  gives  other  determinations  of  the 
limits. 

PROPYLENE  IN  OXYGEN 

The  limits  of  propylene  in  oxygen  with 
upward  propagation  of  flame  in  a  tube  2  inches 
in  diameter,  open  at  its  lower  end,  ere  2.10 
and  52.8  percent  (144>  150). 


Atmospheres  of  Air  and  Carbon  Dioxide. — 
Figure  41  also  shows  the  limits  of  propylene  in 
all  mixtures  of  air  and  carbon  dioxide,  deter¬ 
mined  as  in  the  previous  paragraph  (151). 

Atmosphere  of  Nitrous  Oxide  — The  limits  of 
propylene  in  nitrons  oxide,  with  upward  propa¬ 
gation  of  flame  in  a  2-iir  h-dia meter  tube,  open 
si  its  lower  end.  are  1.45  ami  28.8  percent  ( Id3). 
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Table  23.- — Summary  of  other  determination n  of  limits  of  flammability  of  propylene  in  air 


Upward  Propagation  of  Flam* 


Dimensions  of  tube, 
cm. 

Firing  end 

Limits, 

1 

percent  1 

Content  of  aqueous  vapor 

Reference 

No. 

Diameter 

Length 

Dover 

Higher 

1C.  2 

1 

06 

Closed . 

2.  00 

1 

11.  1  i 

Dried . . 

ISO 

7.  5 

150 

do . 

2.  18 

!>.  7 

Half- saturated . . 

S56 

5.  0 

150 

! _ do _ _ 

2.  21 

9.  6 

_ do . . . 

S56 

Horisontal  Propagation  oi  Flam* 

7.  5 

150 

Closed . 

2  22 

0.  3 

Halt-saturated _ . .  .  _ 

S56 

5.  0 

150 

...  .do _ . .  _ 

2.  26 

8  4 

. do . . . 

368 

2.  5 

150 

Open  .  . . . . . 

2.  6 

7.  4 

Small  . 

49 

2.  5 

150 

2.  58 

7.  5 

-do  . .... 

111 

1 

Downward  Propagation  of  Flam* 


150  1 

i 

_  2.  26 

7.  4 

Half-saturated .  . 

150 

. . .  .  .do..  .  - 

.  2.  20  ) 

!  l 

7  2 

_ do.  .  . . . 

BUTYLENES 

The  limits  of  the  various  butylenes  in  air, 
with  inward  propagation  of  flame  in  a  2-inch- 
diameter  tube,  open  at  the  lower  end,  are  (138): 

Prrttnl 

"Butylene" _ _  1.  08  am!  9.  05 

Butene- 1..  _  ......  1.05  11.35 

Butene-2.  I.  85  9.  70 

Isobutylene. . .  .  1.  78  8.  85 


Table  24  gives  other  determinations  of  the 
limits  of  “butylene.” 

AMYLENE 

The  limits  of  6-n-arnylene  in  air,  with  up¬ 
ward  propagation  of  flame  in  a  2-inch-diameter 
tube,  open  at  the  lower  end,  are  1.50  and  8.70 
percent  (138). 


Table  24. — ("her  determinations  of  limit *  of  butylene  in  air 
Upward  Propagation  of  Flam* 


Dimension*  of  tube, 
cm. 


Diameter  Length 


Limits,  i>erccnt 

Firing  end  _ . _ Content  of  aqueous  vapor 

Lower  Higher 


Reference 

No. 


7.  :> 

150 

(  ‘lO'ted 

1  70 

9  0 

Half-saturated 

36(1 

5.  0 

150 

do  . 

1.  80 

1 

9  0 

do. 

368 

Hontonto!  Propagation  of  Flam* 

7.  5 

150 

( 'lo<rd 

i.  7." 

9  0 

i  Half-saturated 

i 

teH 

5.  0 

150 

do  . 

1.  82 

7  4 

do 

368 

2  5 

1.50 

Open 

1  93 

6.  0 

Small 

111 

Downward  Propagation  of  Flam* 

7.5  1 

150 

( 'hoed 

1 

1.  so 

«  25 

Half-saturated 

\  tVH 

5.  0 

150 

do 

1.  M 

6  10 

do 

368 
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The  lower  limit  of  amylene  in  air,  apparently 
with  downward  propagation  of  flame  in  a  2-liter 
bottle,  is  1.6  percent  {221). 

BUTADIENE 

BUTADIENE  IN  AIR 

The  limits  of  butadiene  in  air,  with  upward 
propagation  of  flame  in  a  2-inch-diameter  tube, 
open  at  the  lower  end,  are  2.0  and  11.5  percent 
{152, 153). 

BUTADIENE  IN  OTH>S  ATMOSPHERES 

Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen). — The  limits  of  butadiene  in 
all  mixtures  of  air  and  nitrogen  arc  shown  by 
one  of  the  curves  of  figure  42.  The  determina¬ 
tions  were  made  in  a  2-iuch-diameter  tube, 
open  at  the  lower  end,  with  upward  propagation 
of  flame.  No  mixture  of  butadiene,  air,  and 
nitrogen  is  flammable  if  it  contains  less  than 
10.4  percent  of  oxygon  {153). 

Atmospheres  of  Air  and  Carbon  Dioxide. — 
Figure  42  also  shows  the  limits  of  butadiene  in 
all  mixtures  of  air  and  carbon  dioxide,  deter¬ 
mined  as  in  the  previous  paragraph  {153). 


ACETYLENE 

ACETYLENE  IN  AIR 

The  lower  limit  of  acetylene  in  air  with 
upward  propagation  of  flame  in  a  tubo  5  cm.  in 
diameter  and  1.50  cm,  in  length,  open  at  the 
firing  end,  is  2.50  percent  {150). 

In  a  box  about  *.6  feet  high  and  12  inches 
square  in  cross  section  the  lower  limit  for 
propagation  of  flame  upward  toward  the  open 
top  was  2.53  percent  acetylene  {44)-  In  a  bell 
jar,  with  turbulence,  the  figure  was  2.30  {138). 

With  downward  propagation  of  flame  in  the 
box,  presumably  toward  the  closed  end,  the 
lower  limit  was  about  2.8  percent  {44)-  An 
earlier  determination  in  a  90-liter  vessel  41 
cm.  in  diameter  and  89  cm.  in  height  gave  the 
limits  as  3  and  80  percent  acetylene  {112). 

Table  25  gives  other  determinations  of  the 
limits. 

Where  a  range  is  given  for  the  higher-limit 
figures  in  table  25,  the  experimental  result  de¬ 
pended  on  the  state  of  the  walls  of  the  container 
{261). 

Limits  in  vessels  other  than  tubes  were  as 
follows:  In  an  84-liter  bomb,  2.4  and  80  percent 
{113);  in  a  2.8-liter  bottle  for  central  ignition. 


0  10  20  30  40  60 

ADDED  INERT  GAS  IN  ATM06PHERE,  PERCENT 


Fiocac  42.  —  Limits  of  Flammability  of  Butadicncin  Mixtures  of  Air  ami  Nitrogen,  and  of  Air  and  Carbon  Dioxide. 
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3.0  and  73  percent  (44) ;  in  a  2-liter  rubber  bal¬ 
loon  with  flame  ignition,  75  percent  (higher 
limit)  (96);  in  a  100-cc.  Hempel  pipette  with 
downward  propagation  of  flame,  2.9  and  51 
percent  (44)  and  2.45  and  57.05  percent  (394) ! 
m  a  small  vessel,  2.3  and  73.4  percent  (9). 


A  few  experiments  have  been  reported  on  the 
“flammability  of  acetylene  mixed  with  about 
30  percent  of  air.”  but  this  mixture  is  well 
within  the  limits  oi  flammability,  and  the  report 
(81)  is  concerned  only  with  conditions  for  igni¬ 
tion. 


Table  25. — Summary  of  other  determinations  of  limits  of  flammability  of  acetylene  in  air 

Upward  Propagation  of  name 


Dimensions  of  tube,  cm. 

Firing  end 

Limits,  percent 

Content  of  aqueous  vapor 

Reference 

No. 

Diameter 

Length 

Lower 

Higher 

7.  5 

150 

2.  60 

>80.  5 

Half-saturated _ _ _ 

36ft 

5.  0 

150 

_ do  _ 

2.  60 

78 

.  . .  do  _ _ _ 

366 

5.  0 

30.  5 

2.  4 

78 

Saturated . .  _ 

17  ft 

2.  5 

150 

_  do _  _ _ 

2.  73 

70 

Half-saturated _ 

356 

2.  5 

3.  03 

54-63.  0 

261 

2.  0 

3.  07 

51-62.  8 

get 

1.  5 

. . . . 

3.  09 

48-62.  2 

261 

1.  0 

45-61.  4 

261 

Horizontal  Propagation  oi  Flam* 


I  | 

7.5  ISO  Closed . . . 

2.  68 

1 

>78.  5 

H  al  f-sat  urate  d . 

356 

5.  o!  150  .do . . . . 

2.  68 

68.  5 

_ do . . . 

366 

2.  5  1  150  do . . . 

2.  87 

59.  5 

_ do.  - 

366 

2.  5  ....  .  . . . . 

3.  25 

54-62.  7 

£61 

2.  0  1  . ,  _ 

3.  25 

51-62.  4 

261 

1.  5  .  .  _ _ _ 

3.  25 

48-61.  1 

201 

1.  0  ....  1 . . j 

45 

eel 

i  i  1 

Downward  Propagation  oi  Flam* 


12.  2 

i  21  Ojtcn  . 

75  j 

os 

10.  0 

;  13  '  <h> .  . 

70 

L _ do . 

96 

7.  5 

2.  78 

71.  0 

f  Half-xaturated 

366 

5.  0 

i  150  do . . 

2.  80 

63.  5 

!  .  _ „  .do . . . 

366 

4.  4 

2fi  Opoii . . 

60 

Saturated . . 

96 

2.  5 

150  do... . 

2.  90 

55.  0 

366 

2.  5 

3  17 

53  02  1 

261 

2.  0 

3  20 

49  60.  7 

261 

1.  9 

40  0|M'!1  . 

o  45 

52.  2 

96 

1.  9  ’ 

40  <h.  . 

3.  45 

52.  4 

_ do . . . 

323 

1  5 

3.  21 

261 

!  0 

.....  ...  -  -  -  i 

i 

41  53  7 

261 

Dir.  rtion  oi  Flcm*  Not  Stated 


4  0  . 

3  0 

2,0  .....  ,i  . 

ti  . .  .  . 

.  4  . .  . 

.2  .  !  ... 

.OS  ...  1  .  .  .  1 

.05  . i  . .  .  1  No 

I 


2.  9 

64  . 

219 

a  1 

62  .  .  .  . 

219 

3  5 

55 

219 

4  0 

40 

219 

4.  5 

25  . 

219 

5  0 

15  . 

219 

7.  7 

10  . . 

219 

iropagation  .  .  .  . 

i 

218 
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Influence  of  Pressure.— The  lower  limit  in  a 
Hempel  pipette  was  unchanged  by  increase  of 
pressure  to  5  atmospheres  (44)- 

The  higher  limit,  observed  in  a  closed  2-inch- 
diameter  tube  at  24°  C.  with  mixtures  saturated 
with  water  vapor,  rose  almost  linearly  from  78 
to  100  percent  as  the  pressure  was  raised  from 
atmospheric  to  7  pounds  per  square  inch  above 
atmospheric  (176).  The  flammability  of  the 
richer  mixtures  is  evidently  assisted  by  the 
exothermic  decomposition  of  much  of  the 
acetylene  that  is  not  burned,  and  the  100  percent 
acetylene  transmits  flame  by  this  means  entirely. 
A  source  of  ignition  developed  locally  in  a 
generator  may  thus  cause  explosion  of  the  gas 
at  pressures  attainable  in  medium-pressure 
generators,  even  in  the  absence  of  air  (176). 
ihe  addition  of  water  vapor  raises  proportion¬ 
ately  the  minimum  pressure  for  explosion  of 
acetylene  and  of  rich  acetylene-air  mixtures. 
Propane,  butane,  and  natural  gas  have  similar 
effects,  in  differing  degrees  (168).  Nitrogen, 
helium,  and  hydrogen  have  less  effect  than  the 
hydrocarbons  named,  and  carbon  dioxide  is 
intern  diate  in  its  effect  (159). 

The  effect  of  reduced  pressure  on  the  limits 
of  ignitibility  of  acetylene  in  air  by  a  weak 
standard  spark,  rather  than  on  its  limits  of 
flammability,  have  been  examined  (8). 

Influence  of  Temperature. — The  lower  limit, 
with  downward  propagation  of  flame  in  a  closed 
tube  2.5  cm.  in  aiameter  and  150  cm.  in  length, 
decreased  linearly  from  2.90  percent  at  about 
17°  C.  to  2.19  percent  at  3004  C.  The  higher 
limit  increased  from  55  percent  at  about  17°  C. 
to  somewhat  over  81  percent  at  200°  C.  (858). 

In  an  older  observation  (95)  the  higher  limit, 
with  downward  prop  gat  ion  of  flame  from  the 
open  cn^  of  a  cylinder  4.4  cm.  in  diameter  and 
28  em.  in  lengtli,  was  60  percent  acetylene  at 
laboratory  temperature  and  75  percent  at 
200°  C. 

ACFTTUNl  W  OXYGEN 

An  old  experiment  gave  the  higher  limit  of 
acetylene  in  oxygen,  with  downward  propaga¬ 
tion  of  flame,  as  83  percent  acetylene  (243) 
An  estimate  for  “an  infinite  mass’’  (not  cooled 
by  the  walls  of  a  container)  gave  limits  of  2.8 
and  93  percent  (2W';. 

The  tower  limit  for  downward  propagation 
of  flame  in  a  Bunte  burette,  1 .9  cm.  m  diameter, 
is  3  1  percent  acetylene  (95).  The  limits  in  a 
Hempel  pipette  are  2.45  and  89.2  percent  (864). 

ACETYLENE  IN  OTHER  ATMOSPHERES 

Atmosphere*  of  Composition  Between  Air  and 
Pure  Oxygen.— The  lower  limit  o?  acetylene, 
with  downward  propagation  of  flame  in  a 


Bunte  burette  1.9  cm.  in  diameter,  was  un¬ 
changed  as  the  oxygen  in  the  atmosphere  was 
increased  to  97  percent;  the  higher  limit  rose 
gradually  from  52.4  percent  in  air  to  82.2  in 
58  percent  oxygen  and  to  89.7  in  96.8  percent 
oxygen  (328). 

Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen). — In  an  84-liter  bomb,  the 
lower  limit  of  acetylene  rose  slightly  with 
increasing  additions  of  nitrogen  to  the  atmos- 

!)here  while  the  higher  limit  fell  rapidly.  From 
imits  of  2.4  and  80  percent  in  pure  air,  the 
limits  met  at  2.75  percent  in  an  atmosphere 
containing  69  percent  of  “added”  nitrogen.  At 
this  point  about  6.5  percent  of  oxygen  is  pre¬ 
sent,  in  comparison  with  about  4  percent  at  the 
higher  limit  in  air  (113).  In  a  Hempel  pipette 
the  lower  limit  rose  from  2.45  percent  in  air  to 
3.3  percent  in  an  atmosphere  containing  8.7  per¬ 
cent  oxygen;  at  the  higher  limit  the  oxygen  in 
the  mixture  was  constant  at  about  11  percent 
except  that  close  to  the  point  where  the  limits 
met  it  fell  to  8  percent  (364). 

Atmospheres  of  Air  and  Carbon  Dioxide. — In 
an  84-liter  bomb,  the  lower  limit  of  acetylene 
rose  slightly  wdth  increasing  additions  of  carbon 
dioxide  to  the  atmosphere  while  the  higher  limit 
fell  rapidly.  From  limits  of  2.4  and  80  percent 
in  pure  air,  the  limits  met  at  3.75  percent  in  an 
atmosphere  containing  55  percent  of  carbon 
dioxide.  At  this  point  about  9  percent  of 
oxygen  is  present  (US).  In  a  Bunte  burette 
no  flammable  mixture  could  be  made  in  an 
atmosphere  containing  46  percent  of  carbon 
dioxide  (11.3  percent  of  oxygen)  (95). 

Atmospheres  in  Which  Oxygen  of  the  Air  Is 
Replaced  by  Carbon  Dioxide. — A  few  experi¬ 
ments  in  a  Bunte  burette  show  the  narrowing 
of  the  range  of  flammable  mixtures  by  the 
gradual  replaceme  nt  of  the  oxygen  of  the  air  by 
carbon  dioxide.  No  flammable  mixture  could 
be  made  when  the  oxygen  was  reduced  to  8 
percent  (carbon  dioxide,  13  percent)  (96). 

Atmospheres  of  Ah  and  Certain  Chlorinated 
Hydrocarbons. — Limits  of  acetylene  ir,  air  con¬ 
taining  vapors  of  various  chioro-derivatives  of 
hydrocarbons  have  been  reported ;  they  were 
observed  in  Rnmll  burettes  15  mm.  in  diameter, 
so  are  of  limited  value  (198). 

Atmosphere  of  Nitrous  Oxide. — The  limits  of 
acetylene  in  nitrous  oxide,  with  downward 
propagation  of  flame  in  a  16-mm.  burette,  are 
2.2  and  67.0  percent.  The  effect  of  helium  in 
narrowing  the  limits  is  greater  than  that  of 
argon  (285) 

Dilution  of  2CjM}-f  SOj  With  Gaaes,  Inert  or 
Otherwise. — The  following  results  were  ob¬ 
tained  with  downward  propagation  of  (lame  in 
a  Bunte  burette  1.9  cm.  iu  diameter  (95). 
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Eftct  of  diluents  upon  flammability  oj 
2C,H,+50 , 

Amount  oj  tCiIh+IOi  t chick,  tclth 
iilutnt  namtd.  it  prueiit  at 
Diluent:  limit  of  jlammabUiti,  percent 

Oxygen . . 10.0 

Nitrogen _ 13.0 

Carbon  dioxide . 18.7 


BENZENE 

BENZENE  IN  AIR 

The  limits  of  benzene  in  air,  with  upward 
propagation  of  flame  in  a  tube  5  cm.  in  diameter, 
open  at  the  firing  end,  are  1.40  and  7.10  percent 
(136)  and  1.55  percent  (lower  limit  only)  (31). 


Table  26  summarizes  other  determinations  of 
the  limits  of  benzene  in  air. 

The  lower  limits  in  a  5-cm.  tube  closed  at 
both  ends  differed  only  in  the  second  decimal 
place  from  those  obtained  when  a  small  stop¬ 
cock  was  opened  at  one  end  or  the  other. 
Similar  differences  were  observed  when  the 
length  of  tube  was  varied  between  the  limits  of 
100  and  250  cm.  and  when  the  position  of  the 
point  of  ignition  was  brought  forward  about 
6  cm.  (353). 

Influence  of  Pressure. — The  range  of  flam¬ 
mability  of  benzene  in  air  is  widened  at  both 
sides  by  an  increase  in  pressure  above  atmos¬ 
pheric,  provided  the  temperature  is  raised  to 
maintain  enough  vapor  for  the  test.  This  effect 


Table  2G. — Summary  of  other  determinations  of  limits  of  flammability  of  benzene  in  air 

Upward  Propagation  of  Flam* 


Dimensions  of 
tube,  cm. 

Firing  end 

Limits,  percent 

Content  of  aqueous  vapor 

Reference 

No. 

Diameter 

Length 

Lower 

Higher 

30.  6 

39 

Vented  at  top  .  _ 

i.  32 

Undried..  _ 

Z39 

7  3 

150 

Closed . . . 

1,  41 

Dry . 

353 

5.  0 

150 

_ do... . .  _  .. 

1.  *5 

1  7.  45 

.....  do  . . 

353 

5.  0 

91 

_ do _ _ 

1.  50 

8.  0 

_ do  .  „ 

351 

2.  5 

150 

. .do . . 

1.  55 

_ do _ 

353 

2.  5 

25 

Central  ignition . . . 

*  1.  5 

9.5 

Undried. . . . . 

m 

Horisontal  Propagation  of  Flam* 

7.  5 

150 

Glased . .  . 

1.  46 

. 

Drv . 

363 

ft.  0 

150 

.do.  .  ..  _ ...... _ 

1.  46 

1  6  05 

..do . . 

355 

ft  0 

ill 

.  .do _ _ _ 

1.  55 

a  5 

. do _ _ _ _  .. 

351 

2.  5 

150 

. .  .do. . . . . . .  _ 

1.  55 

353 

Downward  Propagabo 

n  of  Flos* 

7.  5 

150 

Closed . 

1.  46 

I)rv. . 

363 

C.  2 

Open . 

1.  4 

!..  .... 

Saturated .  . 

95 

0.  0 

120 

1.  3 

Partlv  dried . 

3t5 

5  0 

130 

Closed . . 

1.  48 

■  5.  55 

Drv  . 

363 

3.  0 

91 

do..  .  .  .  .  .  . . . 

i.  00 

5.  0 

-do  - .  .  . 

351 

5.  0 

65 

.  do . .  . 

1.  47 

6.  45 

do . . 

S1H 

2  ft 

150 

.tlo. . . . 

I.  58 

. . do ........ 

353 

1.  SI 

to 

do.. 

2.  65 

0.  5 

Sat  united ..... 

95 

l.  a 

•to 

i . f,° . 

2.  7 

7.  0 

-  do  . .  .  . . 

3i3 

Propagation  in  (Jiob**,  etc. 

Capacity: 

1.  3 

96 

360  cc 

‘  1  7 

•  a  3 

Saturated . 

368 

Very  small  vessel. 


S.  C 


»  At  tO  C 

*  for  ‘'90  (irrtTnt  hriuriw*.’*  hid  line  print  77*  I f\ 
l  llrtavMj  to  hf  *oronrh#i  on  tN-  hifh  nil  her  I  bar  ihr  >>>«  rid#. 
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may  be  due  more  to  the  change  in  temperature 
than  to  that  in  pressure  (14). 

The  effect  of  reduced  pressure  on  the  limits 
of  ignitibility  of  benzene  in  air  by  a  standard 
spark,  rather  than  its  limits  of  inflammability, 
nave  been  examined  (IS). 

Influence  of  Temperature. — The  lower  limit  of 
benzene  in  air  for  upward  propagation  in  a  tube 
30.6  cm.  in  diameter  and  39  cm.  in  length, 
vented  at  its  upper  end,  mixture  undried,  is 

1.32  percent  at  21°  C.,  1.10  at  100°  €.,  0.93 
at  200°  C.,  and  0.80  at  300°  C.  (239).  The 
limits  of  benzene  in  air  for  downward  propaga¬ 
tion  of  flame  in  a  vessel  9  cm.  in  diameter  and 
45  cm.  in  length  widen  linearly  from  1.37  and 

5.32  percent  at  100°  C.  to  1.13  and  3.58  at 
250°  C.  (21,  22). 

BENZENE  IN  OTHER  ATMOSPHERES 

Atmosphere*  of  Composition  Between  Air 
and  Pure  Oxygen. — The  lower  limit  of  benzene 
in  a  spherical  vessel  with  ignition  near  the  top 
was  unchanged  as  the  oxygen  in  the  atmosphere 
was  increased  to  97  percent;  the  higher  limit 
rose  gradually  from  7  percent  in  air  to  20.7  in 
58  percent  oxygen  and  30  in  97  percent  oxygen 
(323);  in  a  120-cc.  Bunte  burette  1.9  cm.  in 


diameter,  ignition  by  spark  and  downward 
propagr.tion  of  flame,  the  limits  in  oxygen  were 
2.8  and  24.9  percent  (328). 

Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen). — The  limits  of  benzene,  in  all 
mixtures  of  air  and  nitrogen  are  shown  by  one 
of  the  curves  of  figure  43.  The  determinations 
were  made  in  a  2-inch-diameter  tube,  open  at 
the  lower  end,  with  upward  propagation  of 
flame.  No  mixture  of  benzene,  air,  and  nitro¬ 
gen  is  flammable  if  it  contains  less  than  11.2 
percent  of  oxygen  (136). 

Atmospheres  of  Air  and  Carbon  Dioxide. — 
Figure  43  also  shows  the  limits  of  benzene  in 
ell  mixtures  of  air  amt  carbon  dioxide,  deter¬ 
mined  ns  in  the  previous  paragraph  (136). 

Atmospheres  of  Air  and  Water  Vapor. — The 
limits  of  benzene-air  mixtures  standing  over 
water  in  a  350-ce.  spherical  vessel,  and  ignited 
near  the  water  surface,  have  been  determined 
at  various  temperatures.  As  the  temperature 
rises  (end  consequently  the  water-vapor  con¬ 
tent  also)  the  lower  limit  rises  slowly,  and  the 
higher  limit  falls  rapidly,  as  with  other  diluents. 
Wien  about  35  percent  of  water  vapor  is 
resent  the  limits  coincide  about  2.5  percent 
enzeno  vapor  (368). 


Kic.crk.  43. -—Limits  of  KlainmubiltU  of  Henuoio  io  Mixtures  vf  Air  *i;<l  Nitrogen,  »n<!  of  Air  ami  C»rt>on  Punier. 
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Atmospheres  of  Air  and  Methyl  Bromide. — 
The  addition  of  increasing  amounts  of  methyl 
bromide  to  the  air  causes  the  limits  of  benzene 
to  approach  and,  in  a  2-inch-diameter  tube,  to 
meet  when  7.75  percent  of  the  mixture  is  methyl 
bromide  (SSV  For  a  comment,  compare  the 
corresponding  paragraph  on  hydrogen  (p.  22). 

TOLUENE 

The  lower  limit  of  toluene  in  air,  with  upward 
propagation  of  flame  in  a  tube  5  cm.  in  diam¬ 
eter,  open  at  the  firing  end,  is  1.45  percent 
(138)  or  1.49  percent  (31). 

Table  27  summarizes  other  determinations 
of  the  limits  of  toluene  in  air, 

Earlier  experiments  gave  approximately  1.3 
and  1.4  percent  for  the  lower  limit,  probably 
with  downward  propagation  of  flame  (213,  221). 


Influence  of  Temperature. — The  limits  of 
toluene  in  air  at  1)9°  C.,  with  upward  propaga¬ 
tion  of  flame  in  a  closed  tube  5.0  cm.  in  diam¬ 
eter  and  18  inches  in  length,  open  at  the  top, 
are  1.20  and  7.20  percent,  respectively  (138). 

The  lower  limit  with  upward  propagation  of 
flame  in  a  cylinder  30.6  cm.  in  diameter  and 
39  cm.  in  length,  vented  at  the  upper  end,  is 
0.99  percent  at  100°  C.,  0.82  at  200°  C.,  and 
0.72  at  300°  C.  (239). 

The  lower  limit  of  toluene  in  air  with  upward 
propagation  of  flame  in  a  closed  tube  10.2  cm. 
in  diameter  and  96  cm.  in  length  fell  from  1.27 
percent  at  26°  C.  to  1.12  at  200°  C.  (139).  The 
limits  for  downward  propagation  of  flame  m  a 
vessel  9  cm.  in  diameter  and  45  cm.  in  length 
widen  linearly  from  1.26  and  4.44  percent  at 
100°  C.  to  1.03  and  4.61  at  200°  (21,  22). 


Table  27. — Summary  oj  other  determinations  oj  limits  of  flammability  of  toluene  in  cir 

Upward  Propagation  of  Flams 


Dimensions  of 

1 

I 

f 

' 

tut'e 

,  cm. 

I  Limits,  ix>reent  ! 

Content  of 

i  Reference 
No. 

Firing  end 

aqueous  vaj>or 

Diameter 

!  Length 

Lower 

Higher  j 

30.  fi 

30 

Vented  at  top.. .. 

I  17 

i 

Undried.. 

es9 

10  2 

9<; 

( dosed  .  . j 

1.  27 
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7.  5 

150 

do. .  .  . .  .  .  j 

1  27 

Drv 

363 

5.  0  i 

150 

do  .  .  .  .  1 

!  1.  31 

1 0  75 

do 

353 

2.  5  ! 

25 

Central  ignition . 

1  ‘-3  j 

7.  0  i 

1 

Cndried..  _  ... 

\  >04 

Horisontal  Propagation  at  Flams 


7.  r, 
5.  0 


150 

150 


Clon’d 

do. 


1.  28  !. 
1.  30 


!  5.  HO 


Drv 


do 


Downward  Propagation  ot  Flams 


7.  5  i 

s.  o : 

i  M  W 


150 

150 


( 'It1 


*ed 

do. 


1.  28 
1.  32 


1  4.  00 


Drv 


da. 


*5.1 

*55 


*55 

55? 


ORTHOXYLENE 

The  limits  of  orthoxylene  in  ftir,  conditions 
not  specified,  arc  reported  ns  1.0  and  6.0 
percent  (101). 

ETHYL  BENZENE 

The  lower  limit  of  ethvl  iwnzene  in  air,  with 
upward  propagation  of  flame  in  a  2-inch- 
dtameier  tube,  open  at  the  lower  end,  is  0.99 
percent  (188). 


STYRENE 

The  limits  of  styrene  in  air.  with  upward 
propagation  of  flame  in  a  tul>e  1  inch  in  diameter 
and  open  at  the  upper  end.  arc:  Ixrwer,  1.10 
percent  tat  29.3°  higher,  6.10  percent  (at 
65  2°  c  u7?}. 

BUTYL  BENZENE 

The  limits  of  n-butyl  Irenxene  m  air,  with 
upward  propagation  of  flame  in  a  2-inch- 
dianietec  tula*,  open  at  ils  upper  end  and  at  a 
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sufficient  temperature  to  volatilize  the  butyl 
benzene,  are  0.82  and  5.75  percent  (188) \ 
isobutvl  benzene,  0.83  and  6.00  percent ;  sec- 
butyl  benzene,  0.78  and  6.90  percent;  and  tcrt- 
butyl  benzene,  0.84  and  5.60  percent  (188). 

DIETHYL  BENZENE 

The  limits  of  1,4  diethyl  benzene  in  air,  with 
upward  propagation  of  flame  in  a  tube  2  inches 
in  diameter,  18  inches  in  length,  open  at  its 
upper  end  ai  l  at  a  temperature  of  110°  C., 
are  0.80  and  6.10  percent  (138). 

NAPHTHALENE 

The  limits  of  naphthalene  in  air,  with  upward 
propagation  of  flame  in  a  tube  1  inch  in  diameter 
and  open  at  its  upper  end,  are:  Lower,  0.88 
percent  (at  77.8°  C.);  higher,  5.9  percent  (at 
121.8°  C.)  (174).  The  lower  limit,  of  a  cloud  of 
naphthalene  dust  is  about  50  mg.  per  liter, 


which  is  ecjuivalent  to  about  0.9  percent  of 
vapor  (242). 

CYCLOPROPANE 

CYCLOPROPANE  IN  AIR 

The  limits  of  cyclopropane  in  air  with  upward 
propagation  of  flame  in  a  2-inch  tube  6  feet  in 
length,  open  at  the  lower  end,  are  2.45  and  10.45 
ercent  (161),  2.40  and  10.3  percent  (168). 
n  an  8-liter  bond)  with  upward  propagation  of 
flame,  the  limits  are  2.58  and  10.1  percent  (161). 

CYCLOPROPANE  IN  OXYGEN 

The  limits  of  cyclopropane  in  oxygen,  with 
upward  propagation  of  flame  in  a  2-inch- 
diameter  tube,  open  at  the  lower  end,  are  2.48 
and  60  percent  (161). 

CYCLOPROPANE  IN  OTHER  ATMOSPHERES 

All  Atmospheres  of  Oxygen  and  Nitrogen. — 
The  compositions  of  all  flammable  mixtures  of 
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cyclopropane,  oxygon,  and  nitrogen  are  shown  in  Atmospheres  of  Air  and  Helium. — Figure  45 
figure  44.  The  determinations  were  made  in  a  also  shows  the  limits  of  cyclopropane  in  all 

2-inch-diameter  tube,  open  at  the  lower  end,  mixtures  of  air  and  helium  (161). 

with  upward  propagation  of  flame  (163).  The  The  relative  effects  of  nitrogen,  carbon  di¬ 
results  nearly  coincide  with  those  of  an  earlier  oxide,  and  helium  on  the  limits  of  cyclopropane 

series  (116)  for  which,  however,  the  experi-  are  similar  to  their  effects  on  the  limits  of 

mental  conditions  were  not  stated.  No  mix-  methane  and  support  the  explanation  given  in 

ture  is  flammable  if  it  contains  less  than  11.5  the  corresponding  paragraphs  on  methane, 

percent  oxygen.  Atmospheres  of  Oxygen  and  Helium. — The 

Atmospheres  of  Air  and  Nitrogen  (Air  De-  composition  of  all  flammable  mixtures  of 

ficicnt  in  Oxygen). — The  limits  of  cyclopropane  cyclopropane,  oxygen,  and  helium  is  given  by  a 

in  all  mixtures  of  air  and  nitrogen  are  shown  by  curve  almost  identical  with  that  of  figure  44, 

one  of  the  curves  of  figure  45.  The  determina-  except  that  the  “nose"  of  the  curve  is  at  10 

tions  were  made  in  a  2-inch-diurnoter  tube,  open  percent  oxygen  (161 .  163). 

at  the  lower  end,  with  upward  propagation  of  Atmosphere  of  Nitrous  Oxide, — The  limits  of 
flame.  No  mixture  of  cyclopropane,  air,  and  cyclopropane  in  nitrous  oxide,  with  upward 

nitrogen  is  flammable  if  it  contains  less  than  propagation  of  flame  in  a  2-inch-diametcr  tube, 

11.7  percent  of  oxygen  (161).  open  at  the  lower  end,  are  1.60  and  30.3  percent 

Atmospheres  of  Air  and  Carbon  Dioxide. —  (163). 

Figure  45  also  shows  the  limit  s  of  cyclopropane  Atmospheres  of  Oxygen  and  Nitrous  Oxide. — 
in  all  mixtures  of  air  and  carbon  dioxide,  The  compositions  of  all  flammable  mixtures  of 

determined  as  in  the  previous  paragraph  (161).  cyclopropane,  oxygen,  and  nitrous  oxide  are 


OXYGEN  IN  ORIGINAL  ATMOSPHERE.  PERCENT 


ADDEO  INERT  GAS  IN  ORIGINAL  ATMOSPHERE.  PERCENT 


Florae  46. — limits  of  Flammability  of  '\cii>|>mi>»nc  in  Mixtures  of  Air  awl  Nitrogen,  Air  and  Helium,  and  Air 

awl  C'arlxjti  Wuxi 
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rliown  in  figure  40.  The  determinations  were 
made  with  upward  propagation  of  ilium*  in  a 
2-ineh-diometer  tube,  upon  ut  (In*  Inner  t*ml 
(163) 

Atmospheres  of  Nitrous  Oxide  and  Helium. — 
Tin*  romjnisitions  of  all  flammable  mixtures  of 
cyclopropane.  nitrous  oxide,  and  helium  arc 
shown  tu  figure  47  (163). 

ETHYL  CYCLOBUTANE 

The  limit®  of  ethvi  cyclobutane  in  air,  with 
upward  propigatum  t>f  flame  in  a  2-inch- 
diameter  tuhe.  open  a!  the  lower  end,  are  1.24 
and  7.74  pereen'  (1SS). 

ETHYL  CYCLOPENTANE 

The  limits  of  ethyl  cyeloncntnne  in  air.  with 
Upward  propagation  of  flame  in  a  2-ineli- 
diameter  tuhe,  open  nt  the  lower  end,  are  1.10 
ami  6. 70  percent  1 146). 


CYCLOHEXANE 

CYCLOHEXANE  IN  AIR 

Tlx*  limits  of  cyclohexane  in  air.  with  upward 
propagation  of  lie. me  in  a  t  uhe  .I  cm  in  diameter, 
open  at  the  firing  end  are  l  ift  and  s  pereent 
(SI),  1.2<i  and  7.7.".  percent  t/.VNi,  I , I  percent 
(lower  limit  )  (.-W s,  I'mlcr  similar  conditions  in 
n  tula'  10.2  cm.  in  diameter  the  limits  are 
and  0.20  percent  (d.x'i.  With  downward 
propagation  of  flume  in  u  closed  tuhe  !i  cm.  in 
diameter  and  )'<’>  cm.  in  length  they  were  l.:t! 
and  4.5  percent  (  Mil). 

Influence  of  Pressure. — Curves  showing  the 
influence  of  pressure  up  to  500  atmospheres 
have  been  given  (II),  hut  the  range  of  flamma¬ 
bility  shown  seems  impossibly  wide.  The  effect 
of  redured  pressure  on  the  limits  of  ignitibility 
of  these  mixtures  by  a  standard  spark,  rather 
than  on  th-ir  limits  of  flammability,  has  been 
examined  (IS). 
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Pnsem  17.  Flmniii'iLilii \  of  i-lo|in>ptiiie-N’itruiis  Oxide-Helium  Mixtures. 


Influent  of  Temperature  The  limits  of 
v\ «‘i« in  air,  with  downward  propagation 
of  llmne  in  a  vessel  (.i  cm.  in  diameter  and  44  cm. 
in  length,  widen  linearly  from  l.lti  ami  4. 2,4 
percent  lit  1»H)°  ('.  to  0.5)5  am!  4.5)8  at  250° 

:l,  22). 

Tin*  lower  limit  in  air  with  upw  ard  propaga¬ 
tion  of  llame  in  a  cylinder  40. tj  <  iii.  in  diaim-tei 
unit  ein.  in  length.  vented  at  its  upper  cml,  is 
1.12  itereeiii  n1  21°  l.Oi  at  I (M >°  ('.,  and 

0.84  a!  200''  ( '  t  J.l'n. 

CYCLOHEXANE  IN  OTHER  ATMOSPHERES 

Atmosphere  of  Air  and  Methyl  Bromide. — 
Tiie  nddition  of  increasing  amounts  of  methyl 
bromide  to  the  air  causes  the  limits  of  cyclo¬ 
hexane  to  approach  and,  in  a  2-inch-diametcr 
tube,  to  meet  when  7  4  percent  of  the  mixture  is 
methyl  bromide  s.LS’i.  (For  a  comment, 
compare  the  corrcs|a>»di»}r  paragraph  on  hydro- 
evil.  p.  22 


METHYL  CYCLOHEXANE 

The  lower  limit  of  methyl  cyclohexane  in  air, 
in  a  tube  f»  cm.  in  width,  is  1.2.5  percent  with 
upward  propagation  of  flame  (.>’/!  and  1.15 

1  invent  xvi iii  downward  propagation  (2-f6’i. 
*'or  the  former  observations  the  tune  was  open 
at  the  firing  end;  for  the  latter  it  was  partly 
opened  thv  stopcocks)  at  laith  ends. 

Influence  of  Impurities. — The  lower  limit  was 
unaffected  by  small  additions  of  diethyl  sclenidc 
or  lend  tetraethyl.  Tim  effects  of  pyridine  and 
diethyl  selenitic  agreed  with  Le  (.’hatcher's 
formula  (252.. 

ETHYL  CYCLOHEXANE 

The  limits  of  ethyl  cyclohexane  in  air,  with 
upward  propagation  of  flame  in  &  2-inch  - 
diameter  tube,  open  at  the  lower  end,  arc  0.95 
ami  (i.tiO  pen  at  ■■  I3S). 
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CYCLOHEXENE 

Temperature#  Above  Normal. — The  limit#  of 
cyclohexene  in  air,  with  downward  propagation 
of  flame  in  a  vessel  9  cm.  in  diameter  and  45  cm. 
in  length,  widen  linearly  from  1.22  and  4.81 
percent  at  100°  C.  to  0.96  and  5.20  at  250°  C. 
(21,22). 

METHYL  ALCOHOL 

METHYL  ALCOHOL  IN  AIR 

The  lower  limit  of  methyl  alcohol  in  air,  with 
upward  propagation  of  flame  in  a  tube  5  cm.  in 
diameter,  open  at  the  filing  end,  is  7.35  percent 
(138). 

Table  28  summarizes  other  determinations 
of  the  limits  of  methyl  alcohol  in  air. 

The  lower  limit  in  a  2-liter  flask,  with  ignition 
near  the  base,  is  6.1  percent  (76).  Two  older 
figures  (213,  221),  probably  with  downward 
propagation  of  flame,  are  6  and  7.8  percent. 

Influence  of  Temperature. — Of  two  series  of 
experiments  on  the  influence  of  temperature  on 
the  limits  of  methyl  alcohol  (230,  365),  the 
latter,  which  seem  to  be  reliable,  show  that, 
with  downward  propagation  of  flame  in  a  2H- 
liter  bottle,  the  lower  limit  falls  steadily  from 
7.5  percent  at  50°  to  5.9  at  250°  C.  The  higher 


limit  rises  from  24.9  percent  at  100°  to  36.8  at 
200°  C. 

The  lower  limit  iri  air  with  upward  propaga¬ 
tion  of  flame  in  a  cylinder  30.6  cm.  in  diameter 
and  39  cm.  in  length,  vented  at  the  top,  is  6.70 
percent  at  21°  C.,  5.80  at  100°  C.,  4.81  at  200° 
C.,  4.62  at  250°  C.,  and  4.44  at  300°  C.  (239). 

In  another  series  of  experiments  the  lower 
limit  fell  from  6.65  percent  at  100°  C.  to  5.45 
at  250°  C.  (21,  23). 

Influence  of  Water. — The  lower  limits  of  mix¬ 
tures  of  methyl  alcohol  and  water  rise  steadily 
as  the  quantity  of  water  is  increased  from  0  to 
60  percent  by  weight,  but  the  amount  of  methyl 
alcohol  itself  is  approximately  constant  in  the 
limit  mixture.  With  80  percent  water  it  was 
difficult  to  inflame  anv  mixture  of  the  vaporized 
liquid  and  air  at  105*5  C.,  and  85  percent  water 
made  inflammation  virtually  impossible  (230). 

Influence  of  Pressure. — Reduct  ion  of  pressure 
below  atmospheric  reduces  slightly  the  lower 
limit  of  flammability  of  methyl  alcohol  in  air 
but  has  a  marked  effect  on  the  higher  limit 
(171a).  The  lowest  pressure  at  which  any 
mixture  propagated  a  flame  from  the  bottom 
to  the  top  of  a  tube  2  inches  in  diameter  and  5 
feet  in  length,  with  spark  ignition,  was  50  mm. 
The  minimum  pressure  mixture  contained  9.07 
percent  of  aleonol  vapor.  When  ignition  was 


Table  28. — Summary  of  other  determinations  of  limits  of  flammability  of  methyl  alcohol  in  air 

Upward  Propagation  of  Flam* 


Dimension*  of  tube,  j 
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Firing  end 
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vapor 
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do 
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£.W 

!  ISH 

Sl.i 
V.i 
V  1 

as.  i 
m 

i 

Diameter  i 

I.*npth 

lower 

Higher 

30  fl  | 
10.  2 

7.  5 
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5.  0  j 
2.5 

2.  5  1 

i 

l 

39  j 
96  1 
150  i 
150  | 
91  ! 
150  ; 
25 

Vented  at  top . 

Closed .  .... 

.do . 

6.  70  | 

6.  72  | 

7.  05  ; 

7.  10  : 
6.0  : 
7.9  1 
5.5  ; 
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Downward  Propagation  of  Flam* 
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150 

Olo*d  . 
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150 
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brought  shout  by  fusion  of  a  platinum  wire  in 
contact  with  1  mg.  1  guncotton,  certain  mixtures 
propagated  flames  at  as  low  as  26  mm.  pressure 
(171a). 

METHYL  ALCOHOL  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Nitrogen  and  Oxygen  and  of 
Carbon  Dioxide  and  Oxygen. — The  limits  of 
methyl  alcohol  in  “atmospheres”  of  nitrogen 
and  oxygen  and  of  carbon  dioxide  and  oxygen 
containing  20.9  percent  or  less  oxygen  have  been 
determined  in  a  2-liter  Mask,  with  ignition  near 
the  base.  Curves  extending  as  far  as  could  be 
determine  1  at  laboratory  temperatures  are 
given  in  the  original  paper.  Wien  the  oxygen 
content  of  a  nitrogen-oxygen  “atmosphere"  was 
below  10. :t  percent,  no  mixture  with  methyl 
alcohol  would  propagate  flame  (76). 


Atmosphere"  of  Air  and  Carbon  Dioxide. — 
The  limits  of  methyl  alcohol  in  mixtures  of  air 
and  carbon  dioxide,  with  downward  propagation 
of  flame  in  a  2-liter  cylinder,  approach  each 
other  as  the  proportion  of  carbon  dioxide  is  in¬ 
creased.  With  more  than  26  percent  carbon 
dioxide  in  the  “atmosphere”  no  mixture  with 
methyl  alcohol  will  propagate  flame  under 
these  conditions  (280). 

ETHYL  ALCOHOL 

ETHYL  ALCOHOL  IN  AIR 

The  lower  limit  of  ethyl  alcohol  in  air,  with 
upward  propagation  of  flame  in  a  tube  5  cm. 
in  diameter,  open  at  the  firing  end,  is  4.25 
(188)  or  4.40  percent  (31). 

Table  29  summarizes  other  determinations 
of  the  limits  of  ethyl  alcohol  in  air. 


Table  29.  Summary  of  other  determination ■«  oj  limits  of  flammability  of  ethyl  akohol  in  air 

Upward  Propagation  of  Flam* 
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The  limits  in  a  small  vessel  have  been  stated 
as  2.6  and  9.0  percent  (3);  in  an  upright  closed 
tube  of  1,400  cc.  capacity,  with  600  cc.  of  liquid 
at  the  bottom  and  central  ignition,  the  limits 
were  3.2  percent  (saturation  of  the  atmosphere 
at  10.6°  C.)  and  18.9  percent  (saturation  at 
41.2°  C .)  (109). 

Influence  of  Pressure. — Curves  showing  the 
influence  of  pressures  up  to  500  atmospheres 
have  been  given  (11),  but  the  range  of  flamma¬ 
bility  shown  seems  impossibly  wide. 

The  effect  of  reduced  pressure  on  the  limits 
of  ignitibiiity  of  ethyl  alcohol  in  air  by  a  weak 
standard  spark,  rather  than  on  its  limits  of 
flammability,  have  been  examined  (8). 

Influence  of  Temperature. — The  lower  limit 
of  ethyl  alcohol  in  air,  with  upward  propaga¬ 
tion  of  flame  in  a  tube  5  cm.  in  diameter,  is 
4.25  percent  at  laboratonr  temperature  (138) 
and  3.85  percent  at  125°  C.  (164)-  Four  other 
series  of  observations  have  been  recorded  {20, 
US,  2SG,  865).  The  fourth  set,  which  seems 
reliable,  shows  that,  with  downward  propa¬ 
gation  of  flame  in  a  2'i-liter  bottle,  the  lower 
limit  falls  steadily  from  3.80  percent  at  50°  to 
2.75  at  225°  C.  At  250°  C.  the  lower  limit  lose 
to  3.05  percent,  but  this  increase  presumably 
was  due  to  slow  combustion  of  part  of  the 
mixture  before  ignition.  The  lower  limit  found 
later  in  the  same  apparatus  fell  from  3.55  per¬ 
cent  at  100°  C.  to  2.75  percent  at  250°  (21 ,  23). 

In  a  recent  series  of  experiments,  the  lower 
limit  in  air  with  upward  propagation  of  flame 
in  a  cylinder  30.6  cm.  in  diameter  and  39  cm. 
in  length,  vented  at  the  top,  mixtures  undried, 
is  3.48  percent  at  21.°  O.,  3.01  at  100°  C., 
2.64  at  200°  C.,  2.47  at  250°  C.,  and  2.29  at 
300°  C.  (2S!>). 

Influence  of  Pr enure  and  Temperature  To¬ 
gether. — The  limits  of  ethyl  alcohol  in  air,  de¬ 
termined  in  a  cylindrical  sti-el  bomb  of  700  cc. 
capacity  after  heating  under  pressure  for  30  to 
45  minutes  to  allow  preflame  combustion  to 
occur,  are  shown  in  table  30.  The  limits  aro 
expressed  in  percentages  by  weight;  the  range 
widens  at  first  with  incua*"'  e*  '''mperature  hut, 
narrows  when  preflame  combustion  Imcomes 
evident,  as  was  shown  by  chemical  analysis  of 

Table  30. --Limit*  of  ethyl  alcohol  in  air  al 
increa*ed  pressures  ami  temperatures 


Limit*  ([wfrmt  by  welfiil  > 
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3ft  o 

do. 
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IB  1  . 

34  • 

do 

Jf)  * 

M  A 

2Vi 

,  .  .  do 

n  « 

(*; 

1  SgceucMut  Icfltmintiteo. 


samples.  The  bomb  was  filled  at  atmospheric 
temperature  to  an  initial  pressure  of  5.8 
atmospheres  (21,5) . 

The  lower-limit  figures  are  unexpectedly  high, 
when  compared  with  the  lower  limit  at  atmos¬ 
pheric  pressure  and  temperature.  This  is 
perhaps  due  to  the  use  of  too  weak  a  spark  for 
ignition,  as  suggested  by  the  observation  that 
at  270°  C.  violent  explosions  resulted  from 
spontaneous  ignition  of  mixtures  containing 
upward  of  6.9  percent  by  weight  of  ethyl  alcohol. 

Influence  of  Impurities. — The  lower  limit  of 
ethyl  alcohol  in  air  was  unaffected  by  small 
additions  of  water  vapor,  diethyl  selenidc,  or 
lead  tetraethyl.  The  effect  of  a  little  pyridine 
agreed  with  Le  Chatelier’s  formula  (252). 

Influence  of  Water. — The  lower  limits  of  mix¬ 
tures  of  ethyl  alcohol  and  water  rise  steadily  as 
the  amount  of  water  increases  from  0  to  60 
percent  by  weight,  hut  the  amount  of  ethyl 
alcohol  itself  is  approximately  constant  in  the 
limit  mixture.  With  80  percent  water  it  was 
difficult  to  inflame  any  mixture  of  the  vaporized 
liquid  and  air  r.t  105°  C.,  and  85  percent  water 
made  inflammation  virtually  impossible  (230). 

More  recent  results,  with  downward  propa¬ 
gation  of  flame  in  a  closed  tattle  of  2}*  liters 
capacity  at  150°  0.,  arc  as  follows  (21): 

Limits  of  mixtures  oj  ethyl  alcohol  ami  uxitcr  in 
air.  (lownuvril  propagation  of  Ha m i  at  150"  C 
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ETHYL  ALCOHOL  IN  OTHER  ATMOSPHERES 


Atmospheres  of  Air  and  Carbon  Dioxide. — 
The  limits  of  ethyl  alcohol  in  mixtures  of  air 
and  carimn  dioxide,  with  downward  propaga¬ 
tion  of  flame  in  a  2-liter  cylinder,  approach  each 
other  as  the  proportion  of  carbon  dioxide  is  in¬ 
creased.  With  more  than  36  percent  carlam 
dioxide  in  the  “atmosphere"  no  mixture  with 
ethyl  alcohol  will  propagaP'  flame  under  these 
conditions  (2S0), 

Atmospheres  of  Air  and  Trichloroethylene. — 
The  limits  of  mixtures  of  etlivl  alcohol  and 
trichloroethylene  in  air,  in  a  llcmpel  pipette, 
gradually  approach  each  other  as  the  propor¬ 
tion  of  trichloroethylene  is  increased;  when  the 
liquid  (which  is  completely  evaporated)  con¬ 
tains  more  than  75  percent  by  volume  trichlo¬ 
roethylene  no  flammable  mixture  can  be  made 
(S3). ' 
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PROPYL  ALCOHOL 

The  limits  of  n-propyl  alcoL  >1  in  air,  with 
upward  propagation  of  flame  in  a  closed  bomb 
4  inches  in  diameter  and  38  inches  in  length,  at 
a  temperature  sufficient  to  vaporize  the  alcohol, 
are  2.15  and  13.50  percent  (188). 

Older  determine*  ions  of  the  lower  limit,  in  a 
yr liter  flask,  gave  2.55  percent  for  n-propyl 
a'cohol,  2.65  percent  for  isopropyl  alcohol 
(221)  \  in  a  1-inch-diameter  closed  tube,  2.5 
percent  for  isopropyl  alcohol  (294). 

Influence  of  Temperature. — The  lower  limit 
of  propyl  alcohol,  with  downward  Dropagation 
of  flame  >a  n  2M-liter  bottle,  fell  from  2.45 
percent  at  100°  C.  to  1.75  at  250°  (21,  28). 
(The  constants  given  in  the  first  reference  and 
the  name  in  the  second  indicate  that  the  term 
“butyl  alcohol’’  was  used  by  mistake  in  the 
first  reference.)  In  a  2.3-liter  bottle,  direction 
of  flame  unspecified,  the  limits  of  isopropyl 
alcohol  were  2.02  and  7.99  percent  at  70°  C. 
and  1.73  and  7.35  percent  at  130°  C.  (281). 

Influence  of  Water. — Some  experiments  sug¬ 
gest  that  the  lower  limit  of  isopropyl  alcohol  is 
raised  by  the  addition  of  water  vapor  (231). 

BUTYL  ALCOHOL 

The  limits  of  » -butyl  alcohol  in  air,  with  up¬ 
ward  propagation  of  flame  in  a  closed  bomb  4 
inches  in  diameter  and  38  inches  in  length,  at 
a  temperature  sufficient  to  vaporize  the  alcohol, 
are  1.45  and  1 1.25  percent  (188). 

Influence  of  Temperature.  —The  lower  limit 
with  upward  propagation  of  flame  in  a  cylinder 
30.6  cm.  in  diameter  and  39.0  cm.  in  length, 
vented  at  its  upper  end,  is  1.56  percent  at  100° 
C\,  1.27  at  200°  C„  and  1.22  at  225°  C.  (239). 

Older  determinations  <J  the  lower  limit  are 
1.68  percent  isobutyl  alcohol  in  a  b-litcr  flask 
(221)  and  1.70  percent  butyl  alcohol  under 
unspecified  conditions  (101). 

AMYL  ALCOHOL 

The  lower  limit  of  amyl  alcohol  in  air  is  1.19 
percent  in  a  H-liter  flask  (221)  and  1  20  percent 
under  unspecified  conditions  i  101). 

ALLYL  ALCOHOL 

The  limits  of  ally!  alcohol  in  air,  with  upward 
propagation  of  flame  in  a  tula'  1  inch  in  diam¬ 
eter  and  18  inches  in  length,  open  at  the  top, 
are  2.50  and  (at  a  sufficient  temperature  to 
vaporize  the  ahohoil  18.0  percent  f  138). 

Older  determinations  of  the  lower  limit  gave 
3.04  percent  in  a  h-litcr  flask  (221)  and  2.4 
percent  under  unspecified  conditions  (191). 


FURFUR YL  ALCOHOL 

The  limits  of  furfuryl  alcohol  in  air,  with 
upward  propagation  of  flame  in  a  tube  1  inch 
in  diameter  and  18  inches  in  length,  open  at 
the  top,  at  a  temperature  sufficient  to  vaporize 
the  alcohol,  are  1.80  and  16.30  percent  (188). 

PROPYLENE  GLYCOL;  TRIETHYLENE 
GLYCOL 

The  limits  of  propylene  and  triethylene 
glycols  in  air,  with  upward  propagation  of 
flame  in  a  tube  1  inch  in  diameter  and  18 
inches  in  length,  open  at  the  top,  at  a  tem¬ 
perature  sufficient,  to  vaporize  the  substance, 
are  2.62  and  12.55  percent,  and  0.89  and  9.20 
percent,  respectively  (188). 

bffiTHYL  ETHER 

METHYL  ETHER  IN  O 

The  limits  of  methyl  ether  in  air,  with  up¬ 
ward  propagation  of  flame  in  a  tube  5  cm.  m 
diameter,  open  a*  the  firing  end,  are  3.45  and 
IS.1  percent.  .Vhen  the  firing  end  is  closed 
and  ignition  is  caused  by  a  heated  platinum 
spiral  instead  of  a  flame,  the  higher  limit 
becomes  26.7  percent  and  the  propagation  is 
by  “cool  flame”  (171). 

In  narrow  tubes  (i  to  2.5  cm.  :n  diameter), 
the  previous  history  of  the  tube  affected  the 
results;  the  widest  range  was  3.93  to  16.6 
percent  (2t'2). 

METHYL  ETHER  IN  OXYGEN 

An  old  observation  placed  the  higher  limit 
of  methyl  ether  in  oxygen,  with  downward 
propagation  of  flame  in  a  2-cm.  tube,  between 
42  and  49  percent  inethyl  ether  (2.(3).  Recent 
experiments  in  tubes  of  diameters  from  1  to 
2.5  cm.  gave  results  varying  with  the  previous 
history  of  the  tube;  the  widest  range  was  3,90 
and  '1.4  percent  (202). 

METHYL  ETHER  !N  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Dicblorodiflucro- 
methane. — The  addition  of  diehlorodifluoro- 
mcthanc  to  air  iuutows  the  range  of  flammabil¬ 
ity  of  methyl  ether  until,  when  17.6  percent  or 
moro  is  present,  no  mixture  is  flammable  (171). 

METHYL  ETHYL  ETHER 

The  limits  of  methyl  ethyl  ether  in  air,  con¬ 
ditions  not  specified,  are  2.0  and  10.1  percent 

(10J). 
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ETHYL  ETHER 

ETHYL  ETHER  IN  AIR 

Extraordinarily  largo  differences  are  to  be 
found  between  the  various  figures  recorded  for 
the  higher  limit  of  ethyl  ether  in  air.  These  are 
to  be  explained  by  the  phenomenon  of  “cool 
flames,”  by  which  rich  mixtures  suitably  ig¬ 
nited  can  propagate  partial  combustion  slowly, 
with  a  comparatively  small  rise  of  temperature 
but  with  the  normal  appearance  of  a  flame,  in 
the  upward  or  horizontal  direction.  In  a  2-inch- 
diameter  horizontal  tube  the  higher  limit  of  the 
“ordinary”  flame  merges  with  the  lower  limit  of 
the  “cool”  flame  at  atmospheric  pressure  but 
becomes  separate  at  lower  pressures  (359).  In 
a  1 -inch-diameter  tube  the  ranges  for  the  ordi¬ 
nary  and  cool  flames  are  separate  at  atmospheric 


(tressure  (353) .  (See  below  under  Influence  of 

’ressure.) 

Two  observations  of  the  limits  of  ether  in  air 
have  been  made  with  upward  propagation  of 
flame  in  a  2-inch-diameter  tube,  open  at  the 
firing  end.  These  gave  1.92  and  4.3.5  percent 
(31),  and  1.85  and  25.9  percent  (183);  in  the 
latter  tests  the  source  of  ignition  was  presum¬ 
ably  unfavorable  to  the  initiation  of  a  “cool” 
flame. 

Table  31  summarizes  other  determinations  of 
the  limits  of  ethyl  ether  in  air. 

The  limits  in  a  small  vessel  have  been  stated 
to  be  1.2  and  51.0  percent  (9);  and,  with  an 
obviously  weak  spark,  3.14  and  9.5  percent 
(327).  A  lower  limit  of  1.07  has  also  been  re¬ 
ported  (302). 

The  lower  limits  in  a  5-cm.  glass  tube  closed 
at  both  ends  differed  only  in  the  second  decima 


Table  31. — Summary  of  other  determinations  of  limits  of  flammability  of  ethyl  ether  in  air 


Upward  Propagation  of  Flame 
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Horisontal  Propagation  of  Flame 
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place  from  those  obtained  when  a  small  stop¬ 
cock  was  opened  at  one  end  or  the  other;  the 
higher  limits  differed  by  not  more  than  1  per¬ 
cent.  Similar  differences  were  observed  when 
the  length  of  the  tube  was  varied  from  100  to 
250  cm.  and  when  the  point  of  ignition  was 
brought  forward  about  6  cm.  (358). 

Influence  of  Pressure.- -As  the  pressure  is  re¬ 
duced  below  normal,  the  range  of  flammable 
mixtures  in  a  horizontal  tube  5  cm.  in  diameter 
divides  into  two.  At  500  mm.  pressure  the 
range  is  1.88  to  9.25  percent  for  the  ordinary 
flame  and  13  to  33  percent  for  the  cool  flame 
As  the  pressure  is  reduced  further,  each  range  ;s 
contracted,  and  a  little  below  400  mm.  the  cool 
flame  is  no  longer  propagated.  At  90  mrn.  the 
range  for  the  ordinary  flame  has  contracted  to 
2.32  to  6.1  percent  (359).  Similar  observa¬ 
tions  have  been  made  with  a  tube  2.5  cm.  in 
diameter  (331). 

The  effect  of  reduced  pressure  on  the  limits  of 
ignitibiiity  of  ethyl  ether  in  air  by  a  standard 
spark,  rather  than  its  limits  of  flammability,  has 
been  examined  (8,  18). 

Increase  of  pressure  above  atmospheric 
widened  tin*  range  at  both  ends  when  the  tem¬ 
perature  was  raised  to  maintain  enough  ether 
vapor  for  the  test.  The  effect  may  be  due  more 
to  tin'  change  of  temperature  than  to  the  change 
of  pressure  (/ 4). 

Influence  of  Temperature. — The  higher  limit 
of  ether  in  air  is  appreciably  increased  by  a  rise 
of  40°  C.  (301).  (See  also  next  paragraph.) 

Influence  of  Pressure  and  Temperature  To¬ 
gether.— The  limits  of  ether  in  air  have  been  ob¬ 
served,  with  horizontal  propagation  of  flame  in 
a  closed  tube  2.5  cm.  in  diameter,  at  pressures 
up  to  4,000  nun.  and  temperatures  of  20°,  50°, 
100°,  and  150°  ('.  The  limits  of  both  ordinary 
and  cool  flames  are  w  dei.etl  by  an  increase  in 
temperature;  therefore,  the  two  ranges  meet  at 
lower  pressures  as  the  temperature  is  raised. 
A  third  type  of  flume,  green  in  color,  is  observ¬ 
able  in  certain  circumstances  (135.  831.  333). 
The  relation  between  cool  flames  and  normal 
flames  is  shown  in  diagrams  and  discussed,  ami 
conditions  under  which  a  roc'  flame  may  become 
a  normal  flame  arc  given  (130). 

The  limits  in  a  cylindrical  bomb  of  700  ce. 
rapacity,  after  heating  under  pressure  for  30  to 
45  minutes  to  allow  pn-flame  combustion  to 
occur,  are  shown  in  table  32.  The  limits  are 
expressed  in  percentages  by  weight;  the  range 
a  ideas  at  first  with  increase  of  temperature  but 
narrows  when  prefhuue  combustion  becomes 
evident.  The  bomb  was  filled  at  atmospheric 
temperature  to  an  initial  pressure  of  5.8 
atmospheres  (245). 


Table  32. — Limit 's  of  ethyl  ether  in  air  at  in¬ 
creased  pressures  and  temperatures 


Tempera¬ 
ture,  0  C. 


Limits,  percent  by  weight 


Lower  Higher 


125  Xot  stated. 

HO  . do . 

155  do  .... 

170  ...do . 

172.5  . do . 

175  do _ 


>  Spontaneous  inflammation. 

Influence  of  Streaming  Movement  of  Mix¬ 
ture. — The  limits  were  widened  several  tenths 
of  1  percent  when  velocities  up  to  9  cm.  a 
second  were  imparted  to  the  mixtures  (361). 

Influence  of  Impurities. — The  presence  of 
diethyl  peroxide  and  of  ethyl  hydrogen  peroxide 
scarcely  affected  the  lower  limit,  but  any  large 
quantity  raised  the  higher  limit  (361).  The 
lower  limit  was  unaffected  by  small  additions 
of  diethyl  selenide  or  lead  tetraethyl.  The 
effect  of  pyridine  (one  experiment)  accorded 
with  Le  Chalelier’s  formula  (313). 

ETHYL  ETHER  IN  OXYGEN 

The  lower  ’unit  of  ethyl  ether  in  oxygen,  with 
upward  propagation  of  flame  in  a  2-inch- 
diameter  tube,  open  et  the  lower  end,  is  2.0 
percent  (163);  in  a  closed  tube  10.2  cm.  in 
diameter  and  96  cm.  in  length,  2.10  percent. 
The  higher  limit  with  upward  propagation  in 
a  tube  4.4  cm.  in  diameter  and  60  cm.  in  length, 
open  at  the  upper  end,  is  82.0  percent  ( 1S3 ). 

The  limits  with  downward  Dropagation  of 
flame  in  a  narrow  burette  are  1.7  and  39.5 
percent  ether  (305).  The  higher  limit  with 
downward  propagation  of  flame  in  a  closed 
tube  4  cm.  in  diameter  is  65  percent;  in  the 
presence  of  5  percent  of  carbon  dioxide,  60  per¬ 
cent  {134).  The  limits  in  a  small  vessel, 
obviously  with  a  weak  spark,  are  given  as  2.98 
and  45.5  jiercent  (327). 

ETHYL  ETHER  IN  OTHER  ATMOSPHERES 

Atmosphere*  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen).— The  limits  of  ethyl  ether  in 
air  deficient  in  oxygen  have  been  determined 
in  a  small  bulb.  As  the  oxygen  was  reduced, 
the  lowei  limit  remained  nearly  constant,  but 
th"  higher  limit  fell  rapidly;  the  limits  coincided 
at  i0.7  percent  oxygen  (IS). 

Atmospheres  of  Oxygen  and  Helium.— The 
limits  of  ethyl  ether  in  a!!  mixtures  of  oxygen 
and  helium,  with  upward  propagation  of  flam® 
in  s  2-ineh-diameter  lube  open  at  the  lower 
end,  are  shown  in  figure  48  (162,  163). 


so 
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ETHYL  ETHER,  PERCENT 

Pi  nr  re  48, — Flammability  v.»f  Ethyl  Elhcr-Qxygcn-IloHum  Mixtures, 


Atmosphere  of  Nitrous  Oxide. — The  limits  of 
ethyl  ether  in  nitrous  oxide,  with  upward  propa¬ 
gation  of  flame  in  a  2-ineh-diametcr  tube,  are 
1.50  and  24.2  percent  (163).  With  downward 
propagation  of  flame  in  4  narrow  burette  they 
are  3.3  and  25.7  percent  ether  (205) ;  in  a  vessel 
320  c c.  in  rapacity,  1.5  and  !6  percent  (GO). 

Atmospheres  of  Air  and  Nitrous  Oxide. — The 
limit*  of  ethyl  ether  in  a  series  of  mixtures  of 
air  and  nitrous  oxide  have  been  determined  for 
downward  propagation  of  flame  in  a  narrow 
burette  (205). 

The  higher  limit,  with  downward  propagation 
of  flame  in  a  closed  tube  4  cm.  in  diameter,  is 


30  percent  ether  when  oxygen  forms  10  percent 
of  the  whcle  mixture  (12.}). 

Atmospheres  of  Oxygen  and  Nitrous  Oxide. — 
The  composition  of  all  flammable  mixtures  of 
ethyl  other,  oxygen,  and  nitrous  oxide,  is  shown 
in  figure  40.  The  determinations  were  made 
with  upward  propagation  of  flame  in  a  2-ineh- 
diamoter  tube  open  at  the  lower  end  (163,  181). 
For  downward  propagation  of  flame  in  a  narrow 
burette,  sff  reference  (205). 

Atmospheres  of  Nitrous  Oxide  and  Helium. — 
The  compositions  of  nil  flammable  mixtures  of 
ethvl  ether,  nitrous  ox:bc.  and  helium  arc  shown 
in  figure  50  (163). 
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Fiui'mc  4S>.  —  Flammability  of  Ethyl  Ether- Oxygen- N it roim  Oxide  Mixtures. 


LIMITS  OF  FLAMMABILITY  OF  GASES  AND  VAPORS 


I: 


uma 


INI 


KWIII 


ifii 


xn 


■  II 


Nil 


INI 


It  I'll 


II 


ississsi 


ETHER,  PERCENT 

Florae  50.  Hammshilitv  of  I.thyl  ht her- Nitrous  Oxide-Helium  Mixture*. 


ETHYL  PROFYL  ETHER 

The  limits  of  ethyl  n-pmpyl  other  in  (a)  air  and 
(b)  oxygen,  with  upward  propagation  of  flame 
in  a  2-inrh-diameter  tube,  open  as  its  lower  end, 
are  (ft)  1.9  and  24  percent  and  (6)  2.0  and  TS 
percent  (£34). 


PROPYL  ETHER 

PROPYL  ETHER  IN  AIR 

The  limits  of  isopropyl  ether  in  air,  with 
upward  propagation  of  flume  in  a  2-inrli- 
diameter  tube,  open  at  its  lower  end.  have  been 
given  os  1  ,:iS  and  7.90  percent  (13S>  and  2.1 
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and  21  percent  (234).  Presumably  “cool 
flames”  were  obtained  in  the  latter  experi¬ 
ments,  not  in  the  former. 

Another  observation,  made  in  a  2.3-liter 
bottle,  direction  of  propagation  unspecified, 
gave  1.17  and  4.9  percent  as  the  limits  of  iso¬ 
propyl  ether  in  air  at  100°  O.  (231). 

PROPYL  ETHER  IN  OXYGEN 

The  limits  of  isopropyl  ether  in  oxygen,  with 
upward  propagation  of  flame  in  a  2-inch- 
diameter  tube,  epen  at  its  lower  end,  are  2.2 
and  69  percent  [234) . 

VINYL  ETHER 

VINYL  ETHER  IN  AIR 

The  limits  of  vinyl  other  in  air,  with  upward 
propagation  of  flame  in  a  closed  tube  10.2  cm. 
in  diameter  and  96  cm.  in  length,  are  1.70 
and  27.9  percent.  The  higher  limit,  with 
upward  propagation  in  a  tube  2  inches  in 
diameter  and  6  feet  in  length,  open  at  the  firing 
end,  is  26.5  percent  (140). 

Effect  of  Impurity.— The  presence  of  3.5  per¬ 
cent  of  ethyl  alcohol  in  vinyl  ether  is  almost 
without  effect  on  the  limits  (140). 

VINYL  ETHER  IN  OXYGEN 

The  lower  limit  of  vinyl  ether  in  oxygen,  with 
upward  propagation  of  flame  in  a  closed  tube 
4  inches  in  diameter  and  38  inches  in  length, 
is  1.85  percent.  The  higher  limit,  with  upward 
propagation  in  a  tube  1.75  inches  in  diameter 
and  23.5  inches  in  length,  open  at  the  top,  is 
85. 5  percent  at  a  temperature  sufficient  to 
maintain  this  proportion  of  vapor  (l',0). 

Effect  of  Impurity.— The  presence  of  3.5  per¬ 
cent  ethyl  alcohol  in  vinyl  ether  does  not  atfoct 
the  lower  limit,  but  the  higher  limit  is  reduced 
from  85.5  to  80.5  percent  (140). 

VINYL  ETHER  III  OTHER  ATMOSFHERES 

Atmosphere  of  Nitrous  Oxide. — The  limits  of 
vinyl  ether  in  nitrous  oxide,  with  upward 
propagation  of  flame  in  a  2-inch  tube,  open  at 
the  lower  end,  are  1.40  and  24.8  percent  (163). 

ETHYLENE  OXIDE 

ETHYLENE  OXIDE  IN  AIR 

The  limits  of  ethylene  oxide  in  air,  with 
upward  propagation  of  flame  in  tunes  5  and 
6  cm.  in  diameter  and  150  cm.  in  length,  open 
at  the  firing  end,  arc  3.0  and  80  percent  (143). 
The  richer  mixtures  in  this  range  burn  at  the 
itottom  of  the  explosion  tube,  sometimes  for 
30  seconds,  then  a  very  pale  bine  flame  passes 
slowly  to  the  top  of  the  tube. 


In  a  closed  tube,  5  cm.  in  diameter  with  hot¬ 
wire  ignition,  all  mixtures  containing  more  than 
3.6  percent  of  ethylene  oxide  propagate  flame 
upward.  Above  <38  percent  the  flame  is  pale 
blue.  At  100  percent  a  “decomposition  flame,” 
still  less  luminous,  is  propagated  wdth  higher 
speed  (37). 

In  a  1 -liter  closed  bottle,  mixtures  containing 
between  80  and  90  percent  of  ethylene  oxide 
were  inflamed  after  several  seconds  sparking 
(224). 

The  lower  limit  in  a  eudiometer  tube  13  mm. 
in  diameter  is  3.75  percent  for  upward  propaga¬ 
tion  of  flame  and  3.25  for  downward  propaga¬ 
tion  (70).  Perhaps  these  figures  should  be 
interchanged. 

The  lower  limit  in  a  Hempcl  pipette  150  cc. 
in  capacity  is  4.35  percent.  In  a  flask  6  5 
liters  in  capacity,  the  limits  with  downward 
propagation  of  flame  are  3.3  and  80  percent 
ethylene  oxide  (53) . 

Effect  of  Pressure. — The  effects  of  reduced 
pressure  on  the  limits  of  ethylene  oxide  in  air, 
with  upward  propagation  of  flame  in  a  closed 
tube  5  cm.  in  diameter,  are  shown  in  figure 
51  (37).  Neither  the  blue  flame  with  rich 
mixtures  nor  the  “decomposition  flame”  is 
propagated  downward,  and  the  higher  limit 
then  corresponds  approximately  to  the  broken 
line  in  the  figure  51. 

In  a  pipette  of  50  ce.  capacity,  the  lower  limit 
fell  from  about  3.7  percent  at  atmospheric 
pressure  to  about  2.8  percent  at  550  mm.  and 
then  rose  to  6.5  percent,  where  it  met  the  upper 
limit  at  a  very  small  pressure  (apparently 
only  a  few  mm.  of  mercury)  (270). 

ETHYLENE  OXIDE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Carbon  Dioxide. — 
The  limits  of  ethylene  oxide  in  all  mixtures  of 
air  and  carbon  dioxide  are  shown  in  figure  52. 
The  determinations  were  made  as  described  in 
the  first  paragraph  under  Ethylene  Oxide  in 
Air.  The  upper  part  of  the  curve  applies  to 
the  curious  tvpe  of  pale  blue  flame  mentioned 
(143,  ISo). 

From  the  data  in  figure  52  it  can  be  shown 
that,  to  render  ell  possible  mixtures  of  ethylene 
oxide  and  air  nonflammable  at  ordinary  temper¬ 
atures  and  pressures,  at  least  7.15  volumes  of 
carbon  dioxide  are  required  per  unit  volume 
of  ethylene  oxide.  As  the  molecular  weights  of 
these  two  substances  are  equal,  7.15  pounds 
of  carlxm  dioxide  mixed  with  each  pound  of 
ethylene  oxide  will  render  it  incapable  of  making 
a  flammable  mixture  with  air  (143). 

From  experiments  in  a  1-liler  closed  bottle, 
it  was  deduced  that  at  least  10  volumes  of 
carbon  dioxide  are  required,  per  unit  volume  of 
ethylene  oxide,  to  render  nonflammable  ail 
possible  mixtures  with  air  (224). 
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Fir, i  rk  5). — Flammability  of  Kthylenc  Oxide-Air  Mixtures  at  Reduced  Prepares, 


Firi  rk  52.  [.ituils  >if  Flammability  nf  Fibvbue 
Oxide  in  Air  and  Carlton  Dioxide. 


Effect  of  Pressure. — Tin*  limits  of  a  scrips 
of  mix! tin's  of  ethylene  oxide  anti  rarlton 
dioxide  (from  1  :  I  to  I  ;  7)  at  various  pressures 
below  atmospherie  have  Ir-ch  determined  in  a 
50-et .  pipette  The  results  are  graphed  (2?,V). 


PROPYLENE  OXIDE 

PROPYI.ENE  OXIDE  IN  AIR 

The  limits  of  propylene  oxide  in  air,  with 
upward  propagation  of  llame  in  a  tula  ti  cm. 
in  diameter,  open  at  the  firing  end,  are  about 
2.1  anti  21.o  percent  (ISo). 

PROPYLENE  OXIDE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Carbon  Dioxide. 

One  volume  of  propylene  oxide  needs  11.0 
volumes  ttf  carbon  dioxide  t>>  make  a  mixture 
that  is  nonflammable  it  •  .■  (LSVJ). 

DIOXANE 

The  lower  limit  of  dioxane  in  air,  with  upward 
propagation  of  flume  in  a  closed  tube  •}  inches 
in  diameter  and  ON  inches  in  length,  is  1.07 
jMTcent.  ’I’h.'  higher  limit .  with  upward  propa¬ 
gation  in  a  tube  2.5  iitelies  in  diameter  and  3ti 
inches  in  length,  open  at  the  top,  is  :?2.5  ia  rrent 
at  100°  (\ 

TRIOXANE 

The  limbs  of  trioxanc  in  air,  with  upward 
propagation  of  llame  in  u  tube  1  inch  in  diameter 
ami  is  inches  in  length,  open  at  the  top,  art' 
3.57  ami  2N.ro  percent  (73.V). 

ACETAL 

The  Inv  er  limit  of  acetal  in  air.  with  upward 
propagation  of  llame  in  a  2-ineh-dinmetcr  tube, 
open  at  the  lower  end,  is  1  ..Vs  percent 
The  higher  limit,  with  upward  propagation  of 
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flame  in  a  2-inch-diameter  tube,  the  mixture 
being  at  450  to  500  mm.  pressure  initially  but 
attaining  atmospheric  pressure  during  the 
propagation  of  flame,  is  10.40  percent  (138). 

METHYL  CELLOSOLVE 
(GLYCOL  MONOMETHYL  ETHER) 

The  lower  limit  of  methyl  cellosolve  in  air, 
with  upward  propagation  of  flame  in  a  tube  2 
inches  in  diam<  for  and  18  inches  in  length, 
vented  at  its  upper  end,  is  2  50  percent  at 
125°  C.  Its  higher  limit  is  19.8  percent  at 
140°  C.  (138). 

ETHYL  CELLOSOLVE 
(GLYCOL  MONOETHYL  ETHER) 

The  lower  limit  of  ethyl  cellosolve  in  air, 
with  upward  propagation  of  flame  in  a  tube  2 
inches  in  diameter  and  18  inches  in  length, 
vented  at  its  upper  end,  is  1.82  percent  at 
140°  C.  Its  higher  limit  is  14.00  percent  at 
150°  C.  (138). 

BUTYL  CELLOSOLVE 
(GLYCOL  MONOBUTYL  ETHER) 

The  lower  limit  of  butyl  cellosolve  in  air, 
with  upward  propagation  of  flame  in  a  tube  2 
inches  in  diameter  and  18  inehes  in  length, 
vented  at  its  upper  end,  is  1.18  percent  at 
170°  C.  Its  higher  limit  is  10.G  percent  at 
1S0°  C.  (138).  . 

DIETHYL  PEROXIDE 

The  lower  limit  of  diethyl  peroxide  in  air, 
with  downward  propagation  of  flame  in  a 
2-ineh-diamcter  tube,  is  2.84  percent  (361). 

ACETALDEHYDE 

ACETALDEHYDE  IN  AIR 

The  limits  of  acetaldehyde  in  air,  with  up¬ 
ward  propagation  of  flame  in  a  2-inch-diumetor 
tithe,  open  at  the  lower  end,  are  4.12  and  55.0 
percent  (138). 

Table  88  summarizes  other  determinations  of 
the  limits  of  fliunm.’ihility  f  acetaldehyde  in 
air. 

ACETALDEHYDE  IN  OXYGEN 

The  limits  of  acetaldehyde  in  osvgen,  condi¬ 
tions  not  stated  hut  probably  in  a  closed  2-inch- 
diiuneter  tube,  are  4  and  98  percent  ( 1 8.9) . 

ACETALDEHYDE  IN  OTHER  ATMOSPHERES 

The  limits  of  acetaldehyde  in  an  atmosphere 
of  21  percent  oxygen.  19  percent  nitrogen,  and 
60  percent  cnrlaui  dioxide  are  8.1  and  11 
percent  with  downward  propagation  in  j 
1.7-em.  tube  < .188). 


Table  33. — Summary  of  other  determinations  of 
limits  of  flammability  of  acetaldehyde  in  air 


Upward  Propagation  of  Flams 


Dimensions  of 
tube,  cm. 

Firing  end 

Limits. 

percent 

Content  o? 
aqueous 
vapor 

Ref 
erf  nee 

j  No. 

D£r  |  Length  j 

Lower 

Higher 

7.5  j  150 

j  3.97 

37  i 

566 

5  150 

. do . 

1  4. 21 

57  . 

566 

l 

1  co 

17.0  | 

,i . 

sst 

i 

1 

l1  1/0 

1 

/ 

Horizontal  Propagation  of  Flams 


7.5  | 

6  i 

1 

i 

7  <-33  I 

,  7  ilDrr.  ..  . 

566 

|  5.0 

: 

. do... 

/  4  32 
’  *  V ,  i 1  25 

;  ’4*  !  40 . j 

1  l 

Downward  Propagation  of  Flams 

7*1 

!5fl  i  Clmiwi. .. 

...j  4.27 

It 

12  4  1  Dry . 

566 

5 

150  _ do. . . . 

....  4  30 

i  12$  ( —  __do . 

566 

1.7  . 

. do.  .. 

...J  3.7 

t 

|  13.5  1 . 

i  IS8 

1  These  limits  are  for  the 

‘  cool  flam?/ 

In  an  atmosphere  of  21  percent  oxygen  and 
79  percent  carbon  dioxide  no  mixture  with 
acetaldehyde  could  propagate  flame  downward 
in  a  1.7-ctn.  tube  (188). 

PARALDEHYDE 

The  lower  limit  of  paraldehyd '  in  air,  condi¬ 
tions  not  specified,  is  1.8  percent  (101). 

BU1TRA1.DEHYDE 

The  lower  limit  of  butvraldohydc  in  air,  with 
upward  propagation  of  tiame  in  a  2-inch-diam- 
etcr  tube,  is  2.47  percent  (138). 

ACROLEIN 

T  iV‘  limits  of  acrolein  in  air,  wit*1  upward 
propagation  of  flame  in  a  2-inoIi-dia:netcr  tube, 
open  at  the  lower  end,  are  2.85  ami  80.5  percent 
(138). 

CROTON  ALDEHYDE 

The  limits  of  croton  aldehyde  in  air.  with 
upward  propagation  of  (lame  in  a  dosed  tube 
10.2  cm.  in  diameter  and  96  cm.  in  length,  are 
2.12  and  15.5  percent  (138). 

FURFURAL 

The  lower  limit  of  furfural  in  air.  with  upward 
propagation  of  flame  in  a  tube  5  cm.  in  diameter 
and  150  cm.  in  length,  open  at.  the  firing  end, 
is  2.10  percent  at  125°  C.  (16$). 
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LIMITS  OF  FLAMMABILITY  OF  GASES  AND  VAPORS 


ACETONE 

ACETONE  IN  AIR 

The  limits  of  acetone  in  air,  with  upward 
propagation  of  flame  in  a  tube  5  cm.  in  diam¬ 
eter,  open  at  the  firing  end,  are  3.0  and  10.80 
percent  (138)  or  3.1  and  11.15  percent  (81). 

Table  34  summarizes  other  determinations  of 
the  limits  of  acetone  in  air. 

The  limits  in  a  2-liter  flask  and  a  13-liter 
flask,  with  ignition  near  the  base,  are  2.5  and 
10.4  percent  (76).  Two  older  figures  for  the 
lower  limit,  probably  for  downward  propaga¬ 
tion  of  flame,  are  2.9  and  2.7  percent  (213,  221). 
The  limits  in  a  very  small  vessel  have  been 


stated  as  1.6  and  15.3  percent  (9).  The  agree¬ 
ment  of  the  figures  in  table  34  is  poor. 

Unusual  difficulties  have  arisen  in  the  inter¬ 
pretation  of  observations  of  the  nature  and 
progress  of  flame  in  acetone-air  mixtures. 
Thus,  one  observer  writes  (3,53) : 

The  greatest  difficulty  was  found  with  acetone. 

*  *  *  The  (higher-limit)  figures  finally  taken  were 

the  highest  values  obtained  in  any  of  a  great  number 
of  trials.  Below  the  values  given  an  ignition  would 
often  occur  and  a  flame  only  go  halfway  up  the  tube 

*  *  *  The  fact  that  a  flame  goes  only  halfway  or 

less  along  a  tube  is  no  proof  that  the  mixture  is  above 
the  limit  in  that  tube  *  *  *  In  a  7.5-cm.  tube 

near  the  upper  limit  upward  a  mixture  which  only 

ropagated  flame  50  cm.  or  less  would  often  propagate 
amc  much  farther  at  the  second  trial  and  at  the  third 
all  the  way  to  the  top. 


Table  34. — Summary  of  other  determinations  oj  limits  of  flammability  of  acetone  in  air 

Upward  Propagation  of  Flame 


Dimensions  of  tube,  cm. 

Firing  end 

I 

Far  end 

Limits,  |iercent 

Content  of 
Aqueous  vajKjr 

Refer¬ 
ence  No. 

Diameter 

Length 

Lower 

Higher 

30  6 

Open _  .... 

2.  67 

Undried. . . _ 

S39 

15 

300  (iron)...  . 

do 

do. 

2.  88 

12.  40 

Drv 

$61 

10.  2 

96  (iron) -  . 

do. 

Closed  . 

2.  55  , 

12.  80 

fit). 

m 

10.  2 

96  (iron) _ 

.  do. . 

.do 

2.  64 

85  percent  sat- 

u rated. 

10 

75  (glass) - 

.. .. .  _do.  _ _ 

_ do. . .  . 

2.  15 

9.  7 

Drv 

853 

7  5 

150  (glass) ...... 

do. 

. . .do. . 

2.  89 

11  8 

do. 

363 

5 

150  (iron).. . 

do. 

Open . 

3.80 

do. 

361 

5 

150  (glass) . - - 

.  .do. 

.do _ 

2  89 

12  20 

do. 

361 

fi 

.do. .  . 

Closed ........... 

2  90 

12.  fi 

do .  ... 

333 

5 

150  (glass) . .  _ . 

do_. 

do . 

2.  20 

9.  5 

.  .  .do . 

333 

2  5 

150  (glass) . -  - 

do. 

do  .  _ .  . 

3.  12 

12.  95 

do  ... 

333 

2-  5 

60  (glass) ...  .  . 

do. 

do 

2  30 

7.  5 

do 

333 

2.  5 

25  (glass) . 

(Central  ignition) 

.  do . 

9  r> 

9  0 

t  mined. 

S94 

Horijontal  Propagation  of  Flame 

15 

300  (iron).. 

Closed  .  .. 

0|N*»  . 

2  8') 

12  40 

Drv 

361 

10 

75  (glass)  . 

do. 

(‘Insist 

2  20 

9  5 

do 

353 

7.  5 

.  ‘.0  (glass) .  . 

do  . 

do.  .  . . 

2  92 

11.  9 

do 

.133 

5 

150  (iron)... 

do. 

Open . 

3  iK) 

'  .  do. 

36! 

5 

1 50  (glass) ... 

!  .  do . 

do. 

3  04 

9  15 

.  do 

361 

5 

150  (glass) 

1  do. 

( 'tosed  .  ...  . 

2  06 

\'r.  «* 

do. 

5 

150  (glass) 

j  do 

do. 

2  25 

9  3 

do. 

2  5 

150  (gla*s) 

do 

do 

3.  10 

8.  25 

do 

33.1 

2.  5 

60  (glass) 

!-  "" 

do 

2.  (0 

e  7 

do 

3$i 

Downward  Propagation  of  flame 

22  5 

33.5  (iron) 

!  Otieti 

Closed 

1 

2  5 

1  to 

I 

106 

15 

300  (iron) . . 

1  (  lOMH.i  .  _  _  . 

OjHMl 

3  ii 

10  90 

Drv 

361 

lu 

75  (glass)  . .  . 

do  .  .. 

Closed 

2  35 

8  5 

do 

XfiJ 

7.  5 

150  (glass) . . 

.io 

tin. 

2  93 

8  6 

;  do 

333 

6 

150  (iron)...  . 

j  do . . 

:  OlM-n . 

4  00 

361 

5 

1 50  (glass) 

j  do  .  ..  . 

do. 

3  15 

8  35 

1  do .  . 

361 

5 

150  (glass). 

j  do.  . .  . . 

Closed  ..  .  .  . 

2.  99 

8  40 

333 

6 

150  (glass).  .  . . 

I  do.  . 

do  .  .  .  . 

2  40 

8.  3 

35  f 

5 

65  (glass) . 

do  .  . 

>.  do  .  .. 

3  00 

do 

3/6 

2.  5 

150  (glass) 

i  do 

do 

3.  15 

8.  25 

35.1 

2.  5 

60  (jclas**) 

.  do .  .  . . . . 

do 

2.  75 

6.  5 

do 

Stt 

I  1 


*  ly. 


4 
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UMITS  OK  INDIVIDUAL  GASES  AND  VAPORS 


Influence  of  Pressure. — The  effect  of  reduced 
pressure  on  the  limits  of  ignitibility  of  mixtures 
of  acetone  and  air  by  a  standard  spark,  rather 
than  their  limits  of  flammability,  have  been 
examined  (13). 

Influence  of  Temperature. — The  lower  limit 
of  acetone  in  air,  with  upward  propagation  of 
flame  in  a  tube  2  inches  in  diameter,  is  3.00  at 
laboratory  temperature  (138)  and  2.92  at  125° 
C.  (164). 

The  limits  with  upward  propagation  of  flame 
in  a  closed  tube  10.2  cm.  in  diameter  and  96 
cm.  in  length  widened  from  2.55  and  12.80 
percent  at  room  temperature  to  2.17  and  13.05 
percent  at  175°  C.  (143). 

In  a  standard  machine  for  coating  wire  with 
cellulose  acetate,  the  lower  limit  with  down- 
warti  propagation  of  flame  fell  from  3.0  percent 
at  05e  C.  to  2.8  at  150°  C. ;  with  middle  ignition, 
horizontal  and  upward  propagation,  from  2.9 
at  65°  to  2.5  at  150°  C.;  and  with  propagation 
against  a  current  produced  bv  a  fan,  from  3.5 
at  65°  to  3.0  at  150°  C.  (142). 

The  lower  limit  with  upward  propagation  of 
flame  in  u  cylinder  30.6  cm.  in  diameter  and 
39  cm.  in  length,  mixtures  undried,  vented  at 
its  upper  end,  are  2.67  percent  at  21°  C.,  2  40 
at  100°  C.,  and  2.00  at  200°  C.  (239). 

The  limits  with  downward  propagation  of 
flame  in  a  2K-iiter  bottle  widened  from  2.78 


and  8.70  percent  at  100°  C. 
percent  at  250°  C.  (21,  23). 
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to  2.33  and  9.75 


ACETONE  IN  OTHER  ATMOSPHERES 

For  atmospheres  of  nitrogen  and  oxygen, 
carbon  dioxide  and  oxygen,  and  equal  volumes 
of  nitrogen  and  carbon  dioxide  mixed  with  20.9 
percent  or  less  of  oxygen,  the  limits  of  acetone 
nave  been  determined  in  a  2-liter  flask  with 
ignition  near  the  base.  Curves  are  given  in 
the  original  paper  (76)  for  the  whole  region  of 
explosibility.  It  appears  that,  when  the  oxygen 
content  of  a  nitrogen-oxygen  atmosphere  is 
reduced  below  13.5  percent,  no  mixture  with 
acetone  will  propagate  flame  (73). 

Mixtures  of  acetone  and  sulfur  dioxide, 
evaporated  into  the  air,  can  form  flammable 
mixtures  only  when  the  ratio  of  sulfur  dioxide 
to  acetone  is  less  than  1,9  by  volume  (liquid) 
(308). 

METHYL  ETHYL  KETONE 

Table  35  gives  the  obserVfd  limits  of  flamma¬ 
bility  of  methyl  ethyl  ketone  in  air. 

The  lower-limit  figures  in  this  table  axe 
moderately  consistent.  In  a  large  space,  at 
atmospheric  pressure,  the  lower  limit  is  probably 
about  2  percent  and  the  higher  not  greater 
than  12  percent. 


Taiilk  35. — Limit e  of  flammability  of  methyl  ethyl  ketone  in  air 


Upward  Propagation  of  Flam* 

Dimensions  of  till**, 
nil. 

Limits, 

percent 

1 

! 

i 

ltcf<  Tiiee 
No. 

.  . 

Firing  end 

— 

— - 

;  Content  of  aqueous  va|mr 

Diameter 

1  length 

Lower 

Higher 

1 

1  i 

30.  (> 

3!l 

Closed  (top  \ 

ented) 

1.  83 

;  .  1 

;  l  miried 

t39 

10.  2 

fM 

(  ItWil 

1.  s; 

0.  5 

Drv 

150 

t.  •» 

1  f»fi 

tlo 

1  07 

10.  0 

do 

353 

5.  0 

ISO 

do 

2  05 

0.  it 

do 

353 

0 

01 

tit) 

2  15 

11.  5 

...  do  i 

351 

2.  5 

1.50 

tin 

2  12 

10.  1 

j  .  do  ...  1 

353 

■  . 1 

Horiiontal  Propagation  of  Flam* 

7.  5  ' 

150 

I  07 

10  2 

i  Drv 

353 

.1,  0 

150 

...... 

2  05 

S  5 

do 

353 

5  () 

111 

do 

_ 

2  25 

it)  5 

do 

351 

2  '. 

ISO 

tlo  . 

2  12- 

ti.  r, 

do  . 

353 

Downward  Propagation  ot  Flam* 

7.  A  i 

150 

('Inset!  . . , . 

! 

2  05 

7.  r> 

illrv .  | 

353 

5.  0 

150 

do . 

2.  10 

7.  4 

do  . 

S53 

5.0 

01 

do . 

2.  10 

5  8 

do . .  . 

351 

2.  r,  ' 

150 

do . 

(V  3 

36$ 

1 

98 


LIMITS  OF  FLAMMABILITY  OF  GASES  AND  VAPORS 


Influence  of  Tempernture. — The  following 
limits  were  obtained  for  upward  propagation 
of  flame  in  a  tube  3  inch.  9  in  diameter,  with  a 
loosely  fitting  cap  at  the  top  (238): 


Initial  temp*™- 
ture,  •  C. 

Lower  limit, 
percent 

Higher  limit, 
percent 

20 

1.8 

100 

1.7 

9.7 

150 

1.5 

9.8 

300 

l.d 

9.9 

The  lower  limit  with  upward  propagation  of 
flame  in  a  cylinder  30.6  cm.  in  diameter  and  39 
cm.  in  length,  vented  at  its  upper  end,  is  1.83 
percent  at  21°  C.,  1.70  at  100°  C.,  and  1.33 
at  200°  C.  (239). 


ACETIC  ANHYDRIDE 

The  limits  of  acetic  anhydride  in  air,  with 
upward  propagation  of  flame  in  a  1 -inch- 
diameter  tube,  open  at  the  upper  end,  arc: 
Lower,  2.67  percent  (at  47.3°  C.);  higher,  10.13 
percent  (at  74.4°  C.)  (172). 

PHTHALIC  ANHYDRIDE 

The  limits  of  phtholie  anhydride  in  air,  with 
upward  propagation  of  flame  in  a  tube  1  inch 
in  diameter,  open  at  its  upper  end,  are:  Lower, 
1.7  percent  (at  140°  C.);  higher,  10.5  percent 
(at  193°  C.)  (184). 

METHYL  FORMATE 

METHYL  FORMATE  IN  AIR 


METHYL  PROPYL  KETONE;  METHYL  BUTYL 
KETONE 

The  limits  of  methyl  propyl  ketone  and 
methyl  butyl  ketone  in  air,  with  upward  prop¬ 
agation  of  flame  in  a  closed  tube  4  inches  in 
diameter  and  38  inches  in  length,  are  1.55  and 
8.15  percent  ami  1.35  and  8.0  percent,  re¬ 
spectively  (138). 

The  limits  of  methyl  isobutyl  ketone  in  air, 
with  upward  propagation  of  flame  in  a  tube  1 
inch  in  diameter  and  18  inches  in  length,  open 
at  the  ten  and  at  a  sufficient  temperature  to 
vapoi'zc  the  substance,  are  1.40  and  7.50 
percent  (138). 

CYCLOHEXANONE 

The  lower  limit  of  cyclohexanone  in  air  with 
upward  propagation  of  flame  in  a  cylinder  30.6 
cm.  in  diameter  and  39.0  cm.  in  length,  vented 
at  its  upper  end,  is  I  II  percent  at  100°  C,, 
0.96  at  200°  C.,  0.94  at  225°  C.,  and  0.91  at 
250°  C.  (239). 

ISOPHORONE 

The  limits  of  isophorone  in  air,  with  upward 
propagation  of  flame  in  a  tube  1  inch  in  diameter 
and  18  inches  in  length,  open  at  the  top  and  at 
a  sufficient  temperature  to  vaporize  the  iso¬ 
phorone,  are  0.84  and  3.80  percent  (138). 

ACETIC  ACID 

The  lower  limit  of  acetic  acid  in  air.  with 
upward  propagation  of  flame  in  a  closed  bomb 
4  inches  m  uiameter  and  38  inches  in  length,  at 
a  sufficient  temperature  to  vaporize  the  acid, 
is  5.40  percent  (138).  An  old  determination 
gave  the  lower  limit  in  air  in  a  500-ec  flask, 
apparently  with  downward  propagation  of 
flame,  as  4.05  percent  at  30°  C.  (221). 


The  limits  of  methyl  formate  in  air,  with 
upward  propagation  of  flame  in  a  tube  6  cm, 
in  diameter,  open  at  the  firing  end,  arc  5.9  and 
20.4  percent  (31).  Slightly  narrower  limits 
have  been  found  in  similar  circumstances  (183). 

In  a  closed  tube  4  inches  in  diameter  and  38 
inches  in  length,  the  limits  with  upward 
propagation  of  flame  are  5.05  and  22.7  percent 


(165). 

The  lower  limit  in  u  closed  tube  2b  inches  in 
diameter  and  4  feet  in  length,  is  4.4  percent  with 
upward  propagation  of  flame  and  4.5  percent 
with  horizontal  propagation  (250). 


METHYL  FORMATE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Carbon  Dioxide. — 
One  volume  of  methyl  formate  needs  2.3 
volumes  of  carbon  dioxide  to  make  tv  mixture 
that  is  nonflammable  in  air  (185). 

ETHYL  FORMATE 

ETHYL  FORMATE  IN  AIR 

The  limits  of  ethyl  formate  in  air,  with  up¬ 
ward  propagation  of  flame  in  a  tube  6  cm.  m 
diameter,  open  at  the  firing  end,  are  about  2.7 
and  13.5  percent  (185). 

Other  determinations,  made  in  a  dosed  tube 
2  inches  in  diameter  and  36  inches  in  length, 
arc:  With  upward  propagation,  3.5  and  16.4 
percent;  horizontal,  3.7  and  14.6  percent;  and 
downward.  3.9  and  it  8  percent  (351). 

The  limits  with  upward  propagation  in  a 
closed  iron  tube  4  inches  in  diameter  and  38 
inches  in  length  are  2.75  and  16.40  percent 
(138). 


ETHYL  FORMATE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Carbon  Dioxide.  ~ 
One  volume  of  ethyl  formate  requires  6.0 
volumes  of  carbon  dioxide  to  make  a  mixturo 
that  is  nonflammable  in  air  (185). 


LIMITS  OF  INDIVIDUAL  GASES  AND  VAPORS 


9S 


BUTYL  FORMATE 

The  limits  of  n-butyl  formate  in  air,  with 
upward  propagation  of  flame  in  a  tube  1  inch 
in  diameter  and  18  inches  in  length,  open  at  the 
top,  are  1.73  and  8.15  percent  (138). 

METHYL  ACETATE 

The  limits  of  methyl  acetate  in  air,  in  a  closed 
iron  tube  4  inches  in  diameter  and  38  inches  in 
length,  with  upward  propagation  of  flame,  are 
3.15  and  15.6  percent  (138).  In  a  closed  tube 
‘1  inches  in  diameter  and  36  inches  in  length  the 
limits  are:  With  upward  propagation  of  flame, 


4.1  and  13.9  percent;  horizontal,  4.25  and  11.9 
percent;  and  downward,  4.4  and  10.1  percent 
(351). 

ETHYL  ACETATE 

ETHYL  ACETATE  IN  AIR 

The  lower  limit  of  ethyl  acetate  in  air,  with 
upward  propagation  of  flame  in  a  tube  6  cm.  in 
diameter,  open  at  the  firing  end,  is  2.55  percent 
(81)  and  between  2  and  2.5  percent  (185).  The 
higher  limit  is  between  8  and  9  percent  under 
the  same  conditions  (185). 

Table  36  summarizes  other  determinations 
of  the  limits  of  ethyl  acetate  in  air. 


Taiile  36  .—Summary  o/  other  determinations  of  limits  of  flammability  of  ethyl  acetate  in  air 


Dimensions  of 

Limits  for  propagation,  percent 

tube,  cm. 

Tube 

1 

Upward 

Horizontal 

Downward 

Reference 

No. 

Diainet  ?r 

l.-Migth 

I,o  wer 

| 

flintier  j 

Ix)Wer 

Higher 

Lower 

Higher 

!0.  2 

7.  ,r. 

9fi 

2.  18 

i 

139 

150 

<lo. 

2.  26 

j 

2.  29 

2.  33 

353 

r>.  u 

150 

do 

2.  32 

1  i  i.  40  | 

2.  35 

1  9.  80 

2.  37 

'  7.  10 

353 

2.  5 
2.  5 

150 

25 

do _ 

2.  43 

2.  25 

"  11.0  J 

2.  44 

2.  50 

353 

S94 

'  At  #0°  C. 


According  to  old  experiments  the  lower  limit 
ill  a  2-liter  bottle,  probably  with  downward 
propagation  of  flame,  is  2.3  percent  (221). 

Influence  of  Temperature. —  The  lower  limit 
of  ethyl  acetate  in  air,  with  upward  propagation 
of  flame  in  a  lube  10.2  cm.  in  diameter  ami  96 
cm.  in  length,  fell  from  2. IS  percent  at  23°  (’.  to 
1.75  percent  at  200°  (’.  (139). 

ETHYL  ACETATE  IN  OTHER  ATMOSPHERES 

Atmosphere*  of  Air  and  Carbon  Dioxide. — 
One  volume  of  ethyl  acetate  recpiires  6.3 
volumes  of  carbon  dioxide  to  make  a  mixture 
that  is  nonflammable  in  air  (185). 

VINYL  ACETATE 

The  limits  of  vinyl  acetate  in  air,  with  upward 
propagation  of  (lame  in  a  2-iiuh-diameter  tube, 
open  at  the  lower  end.  are  2.65  and  13.35 
percent  (138). 

PROPYL  ACETATE 

The  limits  of  propyl  acetate  in  air,  with  up¬ 
ward  propagation  of  flame  in  a  closed  iron 
tui>c  4  inches  in  diameter  and  38  inches  in 
length,  are  1.77  and  (at  90°  C.)  8.0  percent 


(138);  another  value  for  the  lower  limit,  with 
upward  propagation  of  flame  in  a  tube  6  cm. 
in  diameter,  open  at  tb*>  firing  end,  is  2.05 
percent  (31). 

ISOPROPYL  ACETATE 

The  limits  of  isopropyl  acetate  in  air,  with 
upward  propagation  of  flame  in  a  elosed  iron 
tube  4  inches  in  diameter  and  38  inches  in 
length,  are  1.78  and  (at  90°  (\)  7.S  percent 
(138);  the  lower  limit  with  upward  propagation 
of  flame  in  h  closed  tube  2.5  cm.  in  diameter 
and  25  cm.  in  length,  with  central  ignition,  is 
2.0  percent  (294). 

BUTYL  ACETATE 

The  lower  limit  of  butyl  acetate  in  air,  with 
upward  propagation  of  flame  in  a  lube  6  cm. 
in  diameter,  open  at  the  firing  end,  is  1.7 
percent  at  30°  CL  (31). 

The  limits  of  « -butyl  acetate  in  air,  with  up¬ 
ward  propagation  of  flame  in  a  closed  bomb  4 
inches  in  diameter  and  38  inches  in  length,  at  a 
temperature  sufficient  to  vaporize  the  butyl 
acetate,  are  1.39  and  7.55  percent  (138). 
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AMYL  ACETATE 

The  lower  limit  of  amyl  acetate  in  air,  with 
upward  propagation  of  flame  in  a  closed  bomb, 
4  inches  in  diameter  and  38  inches  in  length,  is 
1.10  percent  (138);  in  conditions  not  stated,  1.1 
percent  (101). 

Influence  of  Temperature. — The  limits  of  iso- 
an  yl  acetate  in  air,  with  upward  propagation  of 
flame  in  a  glass  tube  2  inches  in  diameter  and  18 
inches  in  length,  open  at  the  upper  end,  at 
100°  C.,  are  1.22  and  7.45  percent  (138).  The 
lower  limit,  with  upward  propagation  of  flame 
in  a  cylinder  30.6  cm.  in  diameter  and  39  cm.  in 
length,  vented  at  the  top,  is  1.00  percent  at 
100°  C.,0.82  a 1 200°  C.,and  0.76  at  250°  C.(239). 

METHYL  CELLOSOLVE  ACETATE  (ACETATE 
OF  GLYCOL  MONOMETHYL  ETHER) 

The  lower  limit  of  methyl  cellosolve  acetate 
in  air,  with  upward  propagation  of  flame  in  a 
tube  2  inches  in  diameter  and  18  inches  in 
length,  vented  at  its  upper  end,  is  1.75  percent 
at  150°  C.  Its  higher  limit  is  8.2  percent  at 
150°  C.  (138). 

METHYL  PROPIONATE;  ETHYL  PROPIONATE 

The  lower  limits  of  methyl  propionate  and 
ethyl  propionate  in  air,  with  upward  propaga¬ 
tion  of  flame  in  a  2-inch-diameter  tube,  open  at 
the  lower  end,  are  2.46  and  1.85  percent,  re¬ 
spectively.  The  higher  limits  in  a  similar  tube, 
the  mixture  being  at  450  to  500  mm.  pressure 


initially  but  attaining  atmospheric  pressure 
during  propagation  of  the  flame,  are  12.60  and 
11.05  percent,  respectively  (138' 

METHYL  LACTATE 

The  lower  limit  of  methyl  lactate  in  air,  with 
upward  propagation  of  flame  in  a  cylinder  30.6 
cm.  in  diameter  and  39  cm.  in  length,  vented  at 
its  upper  end,  is  2.21  percent  at  100°  C.,  1.86  at 
200°  C.,  1.80  at  225°  C.,  and  1.75  at  250°  C. 
(239). 

ETHYL  LACTATE 

The  lower  limit  of  ethyl  lactate  in  air,  with 
upward  propagation  of  flame  in  a  evlinder  30.6 
cm.  in  diameter  and  39  cm.  in  length,  vented  at 
its  upper  end,  is  1  55  percent  at  100°  C.,  1.29 
at  200°  C.,  and  1.22  i  t  250°  C.  (239). 

ETHYL  NITRATE 

The  lower  limit  of  ethyl  nitrate  in  air,  with 
upward  propagation  of  flame  in  a  5.3-om. -diam¬ 
eter  tube,  open  at  the  lower  end,  is  4.00  percent 
(93).  In  a  2-liter  bottle,  apparently  with  down¬ 
ward  propagation  of  flame,  it  is  3.8  percent 
(221). 

ETHYL  NITRITE 

The  lower  limit  of  mhvl  nitrite  in  air,  with 
upward  propagation  of  flame  in  a  5. 3-cm. -diam¬ 
eter  tube,  open  at  the  low  er  end,  is  4.1 1  percent 
(93). 

The  limits  ;i  e'tosed  tubes  156  cm.  in  length 
are  given  in  «hh.- 3  . 


Table  37. — Limits  of  flammability  of  ethyl  nilr „*■  in  air 


Limits  for  propagation,  |>ereerit 


| 

Tube  diameter,  cm. 

! 

f'pward 

Horizontal 

1  ...  _..  . 

Downward 

!  I-nwcr 

Higher 

lower  Higher 

lower 

Higher 

7.5.  .. 

a  01 

1 

a  si 

a  63  >43 

3.83  j 
3.01  ! 

i 

5.0.  . 

a  5i  i 

i 

>50 

14.  1 

In  all  probability  the  higher  limit  with  up¬ 
ward  propagation  of  flame  is  much  more  than 
the  figure  given.  White  (383)  says: 

That  this  compound  is  capable  of  transmitting  two 
different  flamre  through  thn  same  mixture  nt  shown 
during  an  attempted  downward  ignition  in  a  5-cm  (litre 
at  the  upper  limit.  This  mixture,  which  would  have 
burned  downward  violently  in  normal  rircumetnuccr. 
on  sparking  gave  a  pale-blue  flame  which  moved  gently 


upward  through  the  15  cm.  between  the  ctertrodon  and 
the  top  of  the  tube. 

CRESOL 

The  lower  limit  of  m-p-crcsol  with  upward 
propagation  of  flame  in  a  cylinder  30.6  cm.  in 
diameter  and  38.0  cm.  i:i  length,  vented  at  its 
upper  end.  is  1.06  percent  at' 150°  C.,  0.93  at 
200°  C.,  and  0.88  at  250'  C. 
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AMINES  AND  IMINES 

The  limits  of  several  amines  and  one  imine, 
with  upward  propagation  of  flame  in  a  2-ineh- 
diameter  tube,  are  given  in  table  38.  The  limits 
marked  with  an  asterisk  were  obtained  by 
igniting  at  450  to  500  mm.  pressure,  the  pres¬ 
sure  rising  to  atmospheric  but  not  exceeding  it 
a?  the  flame  rose.  The  other  limits  were 
obtained  with  the  lower  end  of  the  tube  open 
(138). 

Table  38. — Limits  oj  flammability  oj  amines 
and  an  imine,  percent 


Lower  limit 


limit 


Methyl  amine  - . 
Dimethyl  amine. 
Trirnethyl  amine 

Ethyl  smlne _ 

Diethyl  amine.  . 
Triethyl  amine.. 
Propyl  aminr . . . 
n-Hutyl  amine.  . 
Ally!  amine. . .  . 
Ethylene  imine. 


I  *4.95 

•20. 75 

•280 

•14.40 

!  *2.0" 

•11  60 

•3. 55 

*13.05 

i  n  1 

10.  10 

"1.  2-5 

•2.01 

MO.  35 

•1.70 

*9.  75 

2  35  (*2  20) 

•22.05 

•3. «) 

•45.80 

•Sec  text  for  explanation. 

The  higher  limit  of  triethvl  amine  in  air, 
with  upward  propagation  of  flame  in  a  tube  l 
inch  in  diameter  and  18  inches  in  length,  open 
at  the  top  and  at  a  sufficient  temperature  to 
vaporize  the  amine,  is  7.90  percent  (138). 

ACRYLONITRILE 

The  lower  limit  of  acrylonitrile  in  air,  with 
upward  propagation  of  flame  in  a  2-inch-diame¬ 
ter  tube,  open  at  the  lower  end,  is  3.05  percent. 
The  higher  limit,  with  upward  propagation  in  a 
l-i.ich-dinmeter  tube,  open  at  tne  upper  end,  at 
29.4°  C.,  i3  17  percent  (15 6). 

PYRIDINE 

The  limits  of  dry  pyridine  in  air  in  a  closed 
tube  5  cm.  in  diameter  and  150cm.  in  length  are 
as  follows  (353):  Upward  propagation  of  flame, 
1.S1  and  12.4  percent;  horizontal,  1.84  and  9.8 
percent ;  downward,  1 .88  and  7.2  percent.  The 
lower  limits  were  determined  at  G0°  C.  and  the 
higher  limits  at  70°  C. 

NICOTINE 

The  limits  of  nicotine  in  air,  with  upward 
propagation  of  flame  in  a  1 -inch-diameter 
tube,  open  at  the  upper  end.  arc:  I/nvcr,  0.75 
percent  (at  100.5°  higher,  4.00  percent  (at 
139.5°  (.’.)  (178). 

METHYL  CHLORIDE 
METHYL  CHLORIDE  IN  AIR 

The  limits  of  methvi  chloride  in  air,  with 
upward  propagation  ot  flame  ir  a  glass  tube  2 

93l>35«'  51  8 


inches  in  diameter  and  6  feet  in  length,  open  at 
the  firing  end  are  10.75  and  17.40  percent 
(ignition  by  a  flame).  The  limits  are  wider 
when  an  induction-coil  spark  is  used  in  a  2){- 
liter  bell  jar — 8.25  and  18.70  percent  (132). 
The  widest  range  was  obtained  by  the  use  of  a 
15, 000- volt  transformer  spark  m  a  7.5-liter 
cylinder — 7.6  and  19.1  percent  with  upward 
propagation  of  flame  (362). 

The  limits,  apparently  in  a  10-liter  vessel,  of 
ignition  by  flame  or  spark  or  white-bot  wire, 
are  10  and  15  percent  (298) ;  in  a  spherical  bomb 
(size  not  stated),  spark  ignition,  8.9  and  15,5 
percent  (92) ;  in  a  cylindrical  bomb  of  1 .2  liters 
capacity,  8.1  and  17.1  percent  (256);  in  a  7.5- 
liter  cylinder,  flame  ignition,  8.0  and  18.9  per¬ 
cent  (362);  in  a  1 .6-cm.-diameter  tube  with 
downward  propagation  of  flame,  9.7  and  14.1 
percent  (340) ;  and  in  a  Hempel  pipette,  8.6  and 
18.4  percent  (291). 

METHYL  CHLORIDE  IN  OXYGEN 

The  limits  of  methyl  chloride  in  oxygen,  with 
downward  propagation  of  flame  in  a  tube  3 
cm.  in  diameter,  at  600  mm.  pressure,  are  8.2 
and  65.8  percent  (89). 

METHYL  CHLORIDE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Methyl  Bromide. — 

In  a  Hempel  pipette,  1.3  percent  of  methyl 
bromide  was  sufficient  to  render  all  mixtures  of 
methyl  chloride  and  sir  nonflammable  (291). 

Atmosphere  of  Nitrous  Oxide. — The  lower 
limit  of  methyl  chloride  in  nitrous  oxide,  with 
downward  propagation  of  flame  in  a  tube  3  cm. 
in  diameter,  at  600  mtn.  pressure,  is  5.0  percent 
(89). 

Atmospheres  of  Air  and  Dichlorodifluoro- 
methane.— In  a  7.5-liter  cylinder,  mixtures  of 
methyl  chloride  and  air  are  nonflammable  if 
they  contain  10  percent  by  volume,  or  more,  of 
dieiilorodifluoromethane  (362);  in  a  l.G-om. 
tube.  7  percent  or  more  (340).  Mixtures  con¬ 
taining  35  percent  by  weight,  or  less,  of  methyl 
chloride  in  dieiilorodifluoromethane  are  non¬ 
flammable  when  mixed  with  air  in  any  pro¬ 
portions  (362). 

METHYL  BROMIDE 

METHYL  BROMIDE  IN  AIR 

All  mixtures  of  methyl  bromide  and  air  appear 
to  bo  incapable  of  ignition  and  propagation  of 
flame  in  a  Hempel  pipette  (291  >  or  in  a  tube  2 
inches  in  diameter  <132},  bm  mixtures  contain¬ 
ing  13.5  to  14.5  percent  were  inflamed  by  an 
induction-coil  spark  in  a  21-liter  bell  jar  (132). 

METHYL  BROMIDE  IN  OXYGEN 

The  limits  of  methyl  bromide  in  oxygen,  with 
upward  propagation  of  flame  in  a  2-incn-diame- 


102 


LIMITS  OF  FLAMMABILITY  OF  GASES  AND  VAPORS 


ter  tube,  open  at  its  lower  end,  are  14  and  19 
percent  (2$4)- 

METHYLENE  CHLORIDE 

METHYLENE  CHLORIDE  IN  AIR 

Mixtures  of  methylene  chloride  and  air  were 
not  inflamed  in  a  bomb  of  1,200  cc.  capacity, 
but  in  a  box  2  feet  wide,  2  feet  high,  and  5  feet 
8  inches  long,  weak  flame  propagation  was 
report?  1  in  some  tests  (256) .  In  an  open  tube 
2  inches  in  diameter  and  6  feet  in  length,  with 
upward  propagation  cf  flame  and  ignition  either 
by  spark  or  by  alcohol  flame,  no  mixture  of 
methylene  chloride  and  air  would  propagate 
flame  (157). 

METHYLENE  CHLORIDE  IN  OXYGEN 

The  lower  limit  of  methylene  chloride  in 
oxygen,  with  upward  propagation  of  flame  in 
a  2-mch-diameter  tube,  open  at  the  lower  end, 
is  15.5  percent.  The  higher  limit,  with  upward 
propagation  in  a  1-incn-diameter  tube,  open 
at  the  upper  end,  at  29.1°  C.,  is  66.4  percent 

m. 


METHYLENE  CHLORIDE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Composition  Between  Air 
and  Pure  Oxygen. — Oxygen-air  mixtures  con¬ 
taining  upward  of  about  25  percent  of  oxygen 
can  form  flammable  mixtures  with  methylene 
cldoride.  Data  showing  the  composition  of  all 
flammable  mixtures,  obtained  as  stated  in  the 
previous  paragraph  but  with  suitable  tempera¬ 
tures  to  control  the  amount  of  vapor  for  the 
higher-limit  experiments,  are  reproduced  in 
figure  511  (157). 

CHLOROFORM 

No  mixture  of  chloroform  and  oxygen  or 
nitrous  oxide,  or  of  all  three  together,  is  capable 
of  propagating  flame  downward  in  a  small 
burette  (205). 

DICHLORODffLUOROMETHANE  AND 
TRICHLOROFLUOROMETHANE 

These  substances  formed  no  flammable  mix¬ 
tures  with  air,  even  at  100°  C.  (256). 


Fiockk  53.  —  Flammability  of  Methylene  Chloride-Oxygen- Nitrogen  Mixtures. 
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ETHYLENE  DICHLORIDE  IN  AIR 


ETHYL  CHLORIDE 

ETHYL  CHLORIDE  IN  A 

The  limits  of  ethyl  chloride  in  air,  with  up¬ 
ward  propagation  of  flame  in  a  glass  tube  2 
inches  in  diameter,  open  at  the  firing  end,  were 
4.25  and  14.35  percent  (ignition  by  flame)  and 
3.85  and  15.40  percent  (ignition  by  spark) 
{132,  138).  When  an  induction-coil  spark  w’as 
used  in  a  2%-liter  bell  jar  the  limits  were  4.00 
and  14.80  percent  (132).  The  lower  limit  with 
downward  propagation  in  a  tube  2  inches  in 
diameter  and  2  feet  in  length,  both  ends  being 
partly  open  during  inflammation,  is  3.95  percent 
(246). 

The  limits  in  an  explosion  pipette,  with  spark 
ignition,  were  3.6  and  11.2  percent.  In  a 
eudiometer  tube,  with  flame  ignition,  the  limits 
were  6.4  and  11.2  percent.  The  direction  of 
propagation  of  flame  in  these  experiments  is 
not  stated  (80). 

The  limits  in  a  cylindrical  bomb  of  1.2  liters 
capacity  are  3.7  and  12.0  percent  (256);  in 
another  of  7  liters  capacity,  with  central  igni¬ 
tion,  they  were  a  little  below  5  percent  and 
somewhat  above  15  percent  (60). 

ETHYL  CHLORIDE  IN  OXYGEN 

The  limits  of  ethyl  chloride  in  oxygen,  with 
upward  propagation  of  flame  in  a  2-inch- 
diameter  tube,  open  at  the  lower  end,  are  4.0 
and  62  percent  (234)  and  4.05  and  67.2  percent 
(163). 

ETHYL  CHLORIDE  IN  OTHER  ATMOSPHERES 

Atmosphere  of  Nitrous  Oxide,— The  limits  of 
ethyl  chloride  in  nitrous  oxide,  with  upward 
propagation  of  flame  in  a  2-inch-diameter  tube, 
open  at  the  lower  end,  are  2.10  and  32.8  percent 
(163). 

Atmospheres  of  Air  and  Dichlorodifluoro- 
methanc.-  The  limits  with  downward  propaga¬ 
tion  of  flame  in  a  I  .fl-om. -diameter  tube  are 
given  in  a  diagram  (340). 

ETHYL  BROMIDE 

ETHYL  BROMIDE  IN  AIR 

All  mixtures  of  ethyl  bromide  and  air  appear 
to  be  incapable  of  ignition  and  propagation  of 
flame  in  a  tube  2  inches  in  diameter,  but  mix¬ 
tures  containing  between  6.75  and  1 1 .25  percent 
ethyl  bromide  were  inflamed  by  an  induction- 
coil  spark  in  a  2,;-liter  bell  inr  (132).  In  a 
bomb  of  t  2-liter  capacity  the  lower  limit  is  6.0 
percent  (236). 

ETHYL  BROMIDE  IN  OXYGEN 

The  limits  of  ethyl  bromide  in  oxygen,  with 
upward  propagation  of  flame  in  a  2-irich- 
dittinctcr  tube,  open  at  its  lower  end,  are  6.7 
and  44  percent  (234). 


The  lower  limit  of  ethylene  dichloride  in  air, 
with  upward  propagation  of  flame  in  a  tube 
2  inches  in  diameter  and  4  feet  in  length,  open 
at  the  firing  end,  is  6.2  percent  at  room  temper¬ 
ature  and  5.8  at  100°  C.  The  higher  limit  is 
15.9  percent  at  100°  C.  U43)- 

The  limits  with  horizontal  propagation  of 
flame  in  a  closed  tube  4.5  cm.  in  diameter  and 
75  cm.  in  length  are  6.2  and  16.0  percent  (284), 
and,  with  downward  propagation  of  flame  in  a 
tube  1.6  em.  in  diameter  and  30  cm.  in  length, 
6.7  and  12.4  percent  (217). 

ETHYLENE  DICHLORIDE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Carbon  Dioxide. — 

The  limits  of  ethylene  dichloride  in  mixtures  of 
air  and  carbon  dioxide,  with  upward  propaga¬ 
tion  of  flame  in  a  2-inch-diameter  tube,  open 
at  its  lower  end,  at  100°  C.,  are  shown  in 
figure  54.  Ethylene  dichloride  cannot  form  a 
flammable  mixture  with  air  at  100°  C.  if  2.3  or 
more  volumes  of  carbon  dioxide  are  present 
per  unit  volume  of  the  dichloride  or  1.02 
pounds  of  carbon  dioxide  per  pound  of  the 
dichloride  (143). 

Atmospheres  of  Air  and  Carbon  Tetra¬ 
chloride. — In  a  horizontal  tube  4.5  cm.  in  di¬ 
ameter  and  75  cm.  in  length,  ethylene  dichloride 
is  incapable  of  forming  a  mixture  flammable 
with  air  if  more  than  about  4.5  percent  of 
carbon  tetrachloride  is  present  (284). 

DICHLOROTETRAFLUOROETHANE 

This  substance  was  nonflammable  when 
mixed  in  anv  proportions  with  air,  even  at 
100°  ('.  (256). 

VINYL  CHLORIDE 

VINYL  CHLORIDE  IN  AIR 

The  limits  of  vinyl  chloride  in  air,  with 
upward  propagation  of  flame  in  a  2-inch- 
diameter  tube,  open  at  its  lower  end,  are  4.0 
and  21.7  percent  (166). 

VINYL  CHLORIDE  IN  OXYGEN 

The  limits  of  vinyl  chloride  in  oxygen,  with 
upward  propagation  of  flame  in  a  2-inch- 
diameter  tube,  open  at  its  lower  end,  are  4.0 
and  70  percent  (234). 

luCHLOROETHYLENE  (ACETYLENE 
DICHLORIDE) 
DICHLOROETHYLENX  IN  AIR 

The  limits  of  dichloroothyienc  in  air,  with 
upward  propagation  of  flame  in  a  2-inch- 
diameter  tube,  open  at  its  lower  end,  arc  9.7 
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OXYGEN  IN  ORIGINAL  ATMOSPHERE,  PERCENT 
20  19  18  _ 17 
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ami  12.8  percent  [71).  In  a  closed  tube  21* 
inches  in  diameter  I hev  arc  given  as  5.15  ami 
1 1.4  percent  '2<r>6). 

DICHLOROETHYLENE  IN  OXYGEN 

Tin  limits  of  dichlorocthyletie  in  oxygon,  with 
upward  propagation  of  flu  me  in  a  2-iimii- 
tiiamotor  tube,  opon  at  its  lower  end,  arr  10 
and  26  perron t  (334). 

TRICHLOROETHYLEHI 

TRICHLOROETHYLENE  IN  AIR 

Trichloroethylene  vapor  tloos  not  form  flam¬ 
mable  mixtures  with  air  at  ordinary  temper¬ 
atures  and  pressures  (173). 

rRICHLOROETHYLENE  IN  OXYGEN 

The  limits  of  •rirhloio.  t inli  ne  in  oxygen, 
with  upward  propagation  of  ilanio  in  a  1-inch- 


dianieter  tuhi'  opeti  at  the  upper  end,  are1 
!/owti  If)..',  percent  (at  25.5°  (’.);  higher,  64.5 
percent  (ct  72°  (’.)  (173). 

TRICHLOROETHYLENE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Composition  Between  Air 
and  Pure  Oxygen.— Oxygen-air  mixtures  con¬ 
taining  upward  of  •'Ll  permit  of  oxygen  can 
form  flammable  mixtures  with  tin1  vapor  of 
trichloroethylene.  The  ii-.juid  must,  however, 
he  suitably  warmed,  for  below  25.5°  (’.  ils 
vr;  or  pressure  is  loo  low  to  enable  it  to  form 
flammable  mixtures  (at  atmosphere'  pressure) 
with  oxygen  or  with  any  mixture  of  air  and 
oxygen.  Data  showing  t lit'  composition  of  till 
flammable  mix  I  tires,  obtained  as  stated  in  the 
previous  paragraph,  are  reproduced  in  ligure 
55  (173). 
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TEMPERATURE  OF  TRICHLOROETHYLENE,  X. 
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ETHYLENECHIOROHYDRIN 

The  limits  of  cthylcncchlnrohydrin  in  air, 
with  upward  propagation  of  flame  in  n  tnl>«»  1 
inch  in  diameter  and  IS  inches  in  length,  open 
at  the  top,  at  a  temperature  sufficient  to 
vaporize  the  substance,  are  4.84  ami  15.90 
percent  (138). 

PROPYL  CHLORIDE 

The  limits  of  n-propyl  chloride  in  air,  with 
upward  propagation  of  flame  in  a  closed  tioinh, 
4  inches  in  diameter  and  88  inches  in  length, 
at  a  temperature  sufficient  to  vaporize  the 
propyl  chloride,  are  2.60  and  11.10  percent 
(138). 

PROPYL  BROMIDE 

No  mixture  of  propyl  bromide  ami  air  could 
propagate  flame  downward  in  a  burette  16  to 
17  mm.  in  diameter  (1(H)). 

PROPYLENE  DICHLORIDE 

The  lower  .unit  of  propylene  diehloriite  in 
air,  with  upward  propagation  of  flame  in  a 
closed  tula1  4  inches  in  diameter  and  88  inches 
in  length,  is  8.4  percent.  The  higher  limit, 
with  upward  propagation  in  a  tube  2.5  inches 
in  diameter  and  86  inches  in  length,  open  at  the 
top.  is  i  4 . percent  at  100°  (10*1). 

ALLYL  CHLORIDE;  ALLY!  BROMIDE 

The  limits  of  allyl  chloride  and  nllyl  bromide 
in  air.  with  upward  propagation  of  flame  in  a 
2-inch -diameter  tube,  open  at  the  firing  end, 
an1  it. 2 .s  and  11  1  ’>  percent,  and  4.86  end  7.25 
percent  respectively  (138). 

2  CHLOROPROPENE 

The  limits  of  2-ebloroproj)enc  (a)  in  air  and 
(b)  in  oxygen,  with  upward  propagation  of 
flame  in  a  2-ineh-diameior  tula-,  open  at  its 
lower  end.  are  4  5  and  16.0  percent  and 
(b)  4.5  and  54  percent  i 33 \ t . 

BUTYL  CHLORIDE 

The  limits  of  normal  end  isohutvl  diloruhs 
in  air.  with  tomani  prop:  gat  ion  of  flame  hi  a 
closed  bomb  4  :  ieii.->  m  dmineti  r  and  88  mi  lo-s 
in  length,  at  t-'inperatures  s-’flieieiif  to  vajatri/e 
the  chlorides,  are  |.x.5  and  |0  10  j»-  cent  ami 
2.05  am1  8.75  [H-reent,  respectively  , ; 33  . 

The  limits  of  isolmtyl  chloride  in  air.  with 
downward  propagation  of  llatit  in  a  burette  16 
or  7  n.m.  in  diameter,  are  4.1  and  14.2  percent 
(l''  >,  l'.to). 


BUTYL  BROMIDE 

The  limits  of  n-hutyl  bromide  in  air,  with 
downward  propagation  of  flame  in  a  tube  1.5 
cm.  in  diameter,  are  5.2  and  5.6  percent  (328) . 

CHLOROBUTENE 

The  limits  of  2-chlorobutcne-2  in  air,  with 
upward  propagation  of  flame  in  a  2-inch- 
dmmeter  tube,  open  at  the  lower  end,  are  2.25 
and  9.25  percent  (138). 

ISOCROTYL  CHLORIDE 

'File  limits  of  isoerotvl  chloride  in  (a)  air  and 
(A)  oxygen,  with  upward  propagation  of  flume 
in  a  2-iiich-diumetcr  tube,  open  at  its  lower 
end,  are  Of)  4.2  and  19  percent  and  (b)  4.2  and 
66  percent  (2.1/). 

The  limits  of  isoerotvl  chloride  in  air  are 
apparently  about  double  those  of  its  isomer, 
ehlorobutcne.  Small  dillerenees  between  tin- 
limits  of  isomers  are  not  unusual,  but  such  a 
large  difference  is  uniipic. 

ISOCROTYL  BROMIDE 

The  limits  of  isocrotyl  bromide  in  (a)  air 
and  |A)  oxygen,  with  upward  propagation  of 
flame  in  a  2-ineh-diainctcr  tulie,  open  at  its 
lower  end,  arc  mi  6  f  and  12  percent,  and  (l>) 
6.4  and  50  percent  ( 23’,). 

AMYL  CHLORIDE 

The  limits  of  «-Hin>!  chloride  in  nir,  with 
upward  propagation  of  flame  in  a  dosed  bomb 
4  inches  m  diameter  ami  88  indies  iij  length, 
at  a  temperature  sufficient  to  volatilize  the 
amvi  chloride,  are  I  60  umj  8,68  percent  U3S). 

The  Iiiiiik  of  ternarv  amyl  ddoride  in  air. 
with  upward  propagation  of  flume  in  a  l-indi- 
iliann-ier  tube,  open  at  its  upper  end  and  at 
a  sufficient  temperature  to  xolntdtz.c  the  amyl 
ehlonde,  are  1-50  and  7  40  percent  (13S). 

CHLOROBENZENE;  DICHLOROBENZENE 

The  limns  of  chlorobenzene  and  *i-dietiloro- 
l»ei!zeite  m  air,  with  upward  propagation  of 
fl-mic  m  a  tube  1  ineii  in  diameter  and  |8  mebes 
ill  length,  open  III  the  top  and  lit  e  ti-mpeliltme 
stlfbeieiit  to  Volatilize  the  substances,  are  I  ;5 
and  7.o5  per  cut,  ami  2  28  and  0.10  p  -ieenl, 
respectively  il.is 

dimfiw*.  sulfide 

Tim  limits  of  ihmethv!  sulfide  in  air.  with 
upwaid  propaguimn  of  llame  m  a  2-ineh- 
diaitteier  tube,  open  at  the  lower  end.  are  2.25 
and  19.70  p.  l  ,  ml  (138). 
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ETHYL  MERCAPTAN 

The  limits  of  ethyl  mercaptan  in  air,  with 
upward  propagation  of  flame  in  a  2-inch- 
diameter  tube,  open  at  the  lower  end,  are  2.80 
and  18.0  percent  {155). 

DIETHYL  SELENIDE 

The  lower  limit  of  diethyl  selenide  in  air, 
with  downward  propagation  of  flame  in  a  tube 
5  cm.  m  diameter  and  65  cm.  in  length,  was 
2.81  percent  with  the  tube  partly  opened  during 
propagation  (SIS)  and  2.5  percent  with  die 
tube  closed  (247). 


METHYLCHLOROSILANES 

Lower  limits,  with  upward  propagation  of 
flame  in  a  tube  5.7  cm.  in  diameter  and  open 
at  the  lower  end,  are:  Dimethyldichlorosilane, 
3.4  percent;  methyltrichlorosilane,  7.6  percent. 
The  lower  limit  of  one  mixture  of  the  two  silanes 
agreed  with  Le  Chatelier’s  formula  (4). 

TIN  TETRAMETHYL;  LEAD  TETRAMETHYL 

The  lower  limits  of  tin  tetramethyl  and  lead 
tetramethyl  in  air,  with  downward  propagation 
of  flame  in  a  closed  tube  5  cm.  in  diameter  and 
65  cm.  in  length,  were  1.90  and  1.80  percent, 
respectively  (SI 5). 
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Part  III  has  covered  the  limits  of  flammability 
of  individual  flammable  gases  and  vapors  In 
part  IV  the  limits  of  mixtures  of  two  or  more 
flammable  gases  or  vapors  are  given.  The 
chief  question  is  the  possibility  of  using  Lo 
Chatelier’s  law  of  mixtures  (p.  51  to  calculate 
reliable  figures  for  the  various  mixtures  from 
the  ascertained  figures  for  the  individual  com¬ 
ponents.  This  is  dealt  with  in  detail  in  the 
following  pages,  but  it  may  be  said  here  that, 
in  general,  t lie  law  is  fairly  closely  followed  by 
mixtures  such  ns  the  common  fuel  gases,  and 
that  gross  exceptions  arc  observed  in  many 
mixtures  tlmt  contain  hydrogen  sulfide, carbon 
disulfide,  or  vapors  such  as  ether  which  may 
give  rise  to  ‘‘cool  flames.” 

HYDROGEN  AND  CARBON  MONOXIDE 

HYDROGEN  AND  CARBON  MONOXIDE  IN  AIR 

The  lower  limits  of  various  mixtures  of 
hydrogen  ami  carbon  monoxide  in  air,  with 
upward  propagation  of  flame  in  a  vessel  fi  feet 
high  tun!  i'2  inches  square  in  sta  tion,  open  at 
the  firing  end  (64),  were  us  follows: 

Lower  limit*  of  flammability  in  a  large  rexsel 
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in  length,  presumably  wiih  downward  propa¬ 
gation  of  flame,  the  lower  limits  were  as 
follows  (2£0). 
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Other  observers  obtained  similar  results  in  a 
BunU*  burette  19  mm.  in  diameter,  with  down- 
warti  propagation  of  flame,  using  a  mixture 
of  equal  volumes  of  hydrogen  and  carbon 
monoxide  (65,  270,  323). 

The  higher  limit  in  air  of  a  50:50  mixture 
of  hydrogen  and  carbon  monoxide,  with  upward 
propagation  of  flame  in  a  tube  2  inches  in 
diameter  and  5  feet  in  length,  open  at  the  firing 
end,  was  71.8  percent,  which  is  0.7  percent  less 
than  the  calculated  value  (64). 

For  both  limits  the  differences  between  the 
observed  figures  and  those  calculated  from 
I-k*  ('1. atelier’s  law  just  exceed  the  experimental 
errors. 

The  limits  with  downward  propagation  of 
flame  in  a  tube  1.6  cm.  in  diameter  have  been 
recorded  U/7). 

Influence  of  Pressure. — The  limits  of  a  mix¬ 
ture  containing  51  percent  carbon  monoxide 
ami  til  to  47  percent  hydrogen,  in  air,  were 
10.4  and  05  percent  at  atmospheric  pressure 
and  1 1  and  7 8  (mtccm  at  800  atmospheres  (10). 

HYDROGEN  AND  CARBON  MONOXIDE  IN  OTHER 
ATMOSPHERES 

Atmospheres  of  Competition  Between  Air 
and  Pure  Oxygen.-  Tin'  limits  of  flammability 
of  almost  equal  volumes  of  hydrogen  and 
carlxm  monoxide  in  atmospheres  of  nitrogen 
and  oxygen  ranging  from  air  to  almost  pure 
oxygen  have  Ixs-ti  determined  with  downward 
propagation  in  a  burette  19  mm.  in  width 
The  lower  limit  rose  slightly  from  12.4  {lereem 
of  the  mixture  in  air  to  12. tl  jierccni  in  oxygen; 
the  higher  limit  rose  from  tai  l  percent  in  air 
to  92  |*  Trent  in  95  jiercctit  uxvgcii  ‘323). 

Atmosphere*  of  Nitrous  and  Nitric  Oxide*. 
The  limits  of  mixture^  of  hydrogen  and  carbon 
monoxide  In  nitrous  oxide  ami  in  mixture'  of 
nitroiHar.il  nitric  oxides  with  downward  propa  ¬ 
gation  of  ttiune  in  a  |.*>-tmn  burette  (.136 1,  arc 
plotted  ii  , riangtilar  and  tetrahedral  diagrams, 
respectively. 

Atmosphere  of  Chlorine  The  limits  of  cer¬ 
tain  mixtures  of  hydrogen  end  carUm  moiioxitl. 
in  chlorine  are  plotted  in  a  triangular  diagram 
(223) 

WATER  GAS 

The  limits  of  water  gas  in  air,  calculated  from 
in  chemical  compost! ion  with  the  aid  of  la- 
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Chatolier’s  formula  for  mixtures  (p.  5),  are  in 
fair  agreement  with  experimental  results  (367). 

In  some  old  experiments  the  limits  in  air, 
with  upward  propagation  of  fiaine  in  a  3-inch- 
diamotcr  tube,  open  at  its  lower  end,  were  9  and 
55  percent  (55). 

The  limits  of  another  sample  of  water  gas, 
with  downward  propagation  of  flame  in  a  small 
tube,  were  1 1.9  and  65.4  percent  (SO). 

Still  another  sample  had  limits  of  6.9  and 
69.5  percent  in  a  small  bulb  compared  with  6.1 
and  65.4  percent,  calculated  by  Lo  Chatelier’s 
formula  but  based  on  limits  of  the  individual 
gases  obtained  in  large  apparatus.  A  carbu¬ 
reted  water  gas  under  similar  conditions  had 
limits  of  6.4  and  37.7  percent  (867). 

The  limits  of  various  samples  of  semi-water 
gas  and  Mond  gas  have  been  determined  in  a 
Bimte  burette  with  both  upward  and  downward 
propagation  of  flame.  Analyses  and  results 
are  given  in  the  original  papers  (260,  270). 

HYDROGEN  AND  AMMONIA 

The  limits  of  mixtures  of  hydrogen  and  am¬ 
monia  in  air  and  in  oxygen,  with  downward 
propagation  of  flame,  have  been  determined  in 
small  tubes,  Apparently  the  higher-limit  mix¬ 
tures  in  oxygt  n  give  results  in  fair  agreement 
w  ith  lw  ('batcher's  law  (208). 

HYDROGEN  AND  HYDROGEN  SULFIDE 

Both  the  lower  and  higher  limits  of  mixtures 
of  hydrogen  and  hydrogen  sulfide  in  air  diverge 
widdv  from  Is1  ( 'haleher’s  law  throughout  the 
whole  range  of  mixtures.  The  limits  are  nar¬ 
rower  than  those  calculated,  hence  limit 
mixtures  of  the  individual  gases  when  blended 
produce  nonflammable  mixtures.  The  results, 
obtained  in  closed  tidies  5  cm.  in  diameter,  are 
plotted  in  figure  56  for  Ixith  limits  and  with  up¬ 
ward  and  downward  propagation  of  flame;  the 
curves  ealeulated  from  the  law  am  altu  shown 
(557  j. 

The  results  that  would  be  obtained  if  experi¬ 
ments  were  so  conducted  that  atmospheric  pres¬ 
sure  was  maintained  throngitnut  arc  no?  known, 
but  it  seems  unlikely  that  tfie  w»dc  differences 
la-lwtvfi  observed  and  <•;.!  uiated  resuhs  would 
disappear. 

HYDROGEN  AND  METHANE 

The  hover  limits  of  various  mixtures  of  hydro¬ 
gen  and  methane  in  «ir.  with  upward  projmp- 
tio*i  of  flijiM*1  in  a  vessel  t»f.si  high  and  12  inches 
square  in  see! ion  (!>")).  were  ns  follow!;: 


Lower  limit*  of  flammability  of  mixtures  of 
hydroyen  and  methane 
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The  higher  limit  of  a  mixture  of  nearly  equal 
volumes  of  hydrogen  and  methane  in  air  with 
upward  propagation  of  flame  in  a  tube  2  inches 
in  diameter  and  5  feet  in  length,  open  at  the 
firing  end,  was  22.6  percent  (61),  winch  is  0.1 
percent  less  than  the  calculated  value  based  on 
a  corrected  higher-limit  value  (13.8  percent) 
for  methane  in  the  same  vessel. 

The  differences  between  the  observed  values 
and  those  calculated  from  Le  Chatelier’s 
law  are  just  beyond  the  experiment  a!  error  in 
two  instances.  Rather  greater  differences  were 
observed  in  closed  tubes  5  cm.  >n  diameter 
with  upward  and  downward  propagation  of 
flame  (357). 

The  approximate  limits  for  mixtures  of 
hydrogen  and  methane  have  been  determined  in 
a  5-liter  bomb  with  central  ignition  (5.(7)  and. 
for  mixtures  of  equal  volumes  only,  in  narrow 
tubes  0.9  to  0.2  cm.  in  diameter  (276). 

Influence  of  Pressure. — The  higher  limits  of 
mixtures  of  hydrogen  and  methane  have  been 
determined  up  to  about  50  atmospheres  pres¬ 
sure  in  narrow  tubes.  The  results  are  un- 
dotibledly  lo’*\  as  those  for  the  two  gases 
separately  are  low  (61). 

HYDROGEN,  CARBON  MONOXIDE,  AND 
METHANE 

The  limits  of  mixtures  of  hydrogen,  carlam 
monoxide,  and  methane  in  air  can  be  calculated 
as  accurately  as  those  for  mixtures  of  any  two 
of  these  combustible  gusi-s 

HYDROGEN,  CARBON  MONOXIDE.  AND 
ETHYLENE 

The  limits  of  mixtures  of  hydrogen,  cari>on 
monoxide,  nod  ethylene  in  air,  with  downward 
propagation  «.*  flame  m  a  tube  !,6  cm.  in 
diameter,  have  been  determined  (2t7). 

HYDROGEN,  METHANE,  AND  ETHANE 

The  iimiis  of  all  mixtures  of  hydrogen, 
methane,  and  ethane  in  air  can  be  ealeulated 
with  approximate  accuracy  by  means  of  l.c 
(.'hatchet  o  law  (1)6) 
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Atmotphere*  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen).  The  limits  of  sit  mixtures 
of  tin**.1  three  ennstituenls  in  air  deficient  in 
oxygen  or  of  mixtures  of  the  thr.v  constituents 
with  nitrogen  in  air  (or  m  air  deficient  in 
oxygen)  can  lie  calculated  with  approximate 
accuracy  from  curves  given  in  figures  I  sr.d  2 
or  from  tabulated  results 


HYDROGEN  AND  ETHANE 

HYDROGEN  AND  ETHANE  IN  OXYGEN 

According  to  an  old  observation,  tin*  higher 
limit  of  a  mixture  of  espial  volumes  of  hydrogen 
ami  ethane  in  oxygen  with  downward  propaga¬ 
tion  of  flame  in  a  eudiometer  lube  2  cm.  m 
diameter,  is  bet  ween  .Hi  and  57  percent  (2;d). 


LIMITS  OF  MIXED  FLAMMABLE  GASES  AND  VAPORS 


111 


HYDROGEN  AND  PENTANE 

The  limits  for  a  mixture  of  3  volumes  of 
pentane  and  2  volumes  of  hydrogen  in  air, 
in  a  horizontal  glass  tube  2.5  cm.  in  diameter 
with  the  firing  end  open,  are  2.4  and  8.7  per¬ 
cent  (272). 

HYDROGEN  AND  ETHYLENE 

HYDROGEN  AND  ETHYLENE  IN  AIR 

The  limits  of  the  entire  range  of  mixtures  of 
hydrogen  and  ethylene  in  air,  with  upward 
and  downward  propagation  of  flame  in  dosed 
tubes  5  cm.  in  diameter,  were  rather  narrower 
than  those  calculated  by  Le  Chatelier’s  law; 
the  differences  were  a  few  tenths  of  1  percent 
at  the  lower  limits  and  a  few  percent  at  the 
higher  limits  (357). 

The  limits  with  downward  propagation  of 
flame  in  a  tube  1.6  cm.  in  diameter  have  been 
determined  (217). 

HYDROGEN  AND  ETHYLENE  IN  OXYGEN 

The  limits  of  mixtures  of  hydrogen  and 
ethylene  in  oxygen  have  been  determined  in 
small  apparatus  (202). 

HYDhOGEN  AND  ETHYLENE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Carbon  Dioxide. — 
The  limits  of  hydrogen  and  ethylene  in  various 
mixtures  of  air  and  carbon  dioxide  have  Wen 
determined  with  downward  propagation  of 
flame  in  a  tube  1.0  cm.  in  diameter  (217). 

HYDROGEN  AND  ACETYLENE 

Lower  limits  of  mixtures  of  hydrogen  and 
acetylene  in  air  have  been  determined  with 
upward  and  downward  propagation  of  flame 
in  cIosihI  glass  tubes  5  and  7.5  cut.  in  diameter. 
With  upward  propagation  and  up  to  about  43 
percent  acetylene  in  the  hydrogen-acetylene 
mixture,  the  lower  limits  were  markedly  greater 
than  those  calculated;  with  43  to  50  percent 
acetylene  the  lower  limits  decreased  suddenly, 
and  thereafter  the  limits  almost  coincided 
with  the  calculated  values.  With  downward 
propagation  the  lower  limits  were  consistently 
a  little  greater  than  those  calculat'd  (.-#•> 7 ) . 

"AMMONIA  CONTACT  GAS" 

The  higher  limit  in  oxvgen  of  a  mixture  pre¬ 
pared  for  the  eomntereial  synthesis  of  ammonia 
is  92.2  percent  at  atmospheric  pressure  and 


94.5  percent  at  400  atmospheres.  When  5 
percent  methane  is  added  the  limits  are  83.7  and 
92.8  percent,  respectively.  No  analysis  of  the 
contact  gas  is  given  (10). 

The  limits  of  the  mixture  3Hs-fNs  in  a 
500-ce.  flask  with  central  ignition  are  given  as 
6  and  87  percent  in  air  and  5  and  90  percent  in 
oxygen  (328).  These  figures  do  not  agree  with 
other  results  on  the  flammability  of  mixtures  of 
hydrogen,  nitrogen,  and  oxygen.  (See  p.  20.) 

HYDROGEN  AND  OTHER  GASES  OR  VAPORS 

The  limits  of  a  series  of  binary  mixtures  of 
hydrogen  and  various  gases  and  vapors  have 
been  determined  with  downward  propagation 
of  flame  in  a  tube  5  cm.  in  diameter  and  65  cm. 
in  length.  The  results  for  each  pair  of  mixtures 
wore  of  the  same  general  type  as  those  for  mix¬ 
tures  of  hydrogen  and  ethyl  bromide,  which 
have  been  quoted  on  page  22,  where  their 
significance  is  discussed. 

The  gases  and  vapors  used  were  ethyl  bro¬ 
mide  (311);  methyl  iodide,  methylene  bromide, 
bromoform,  ethyl  iodide,  and  ethylene  bromide 
(312);  hydrogen  selcnide  and  diethyl  selenide 
.313);  dimethyl  selenide  and  dimethyl  tcliuride 

(314) ;  tin  tetramethyl  and  lead  tetramethyl 

(315) ;  ethyl  alcohol,  ether,  acetone,  benzene, 
pentane,  cyclohexane,  methyl  cyclohexane,  and 
a  hydroearlwn  mixture  (310). 

From  a  study  of  the  dew  point,  density,  ami 
range  of  flammability  of  such  mixtures  of  hydro¬ 
gen  and  small  quantities  of  other  gases  and 
vapors,  it  was  concluded  that  tin  tetramethyl 
is  the  best  suppressor  of  explosions  for  hydrogen 
to  be  used  in  balloons  or  airships,  followed  by 
dimethyl  selenide  and  ethyl  nmmide  (317). 
However,  the  only  practical  importance  of 
tiles'*  experiments  seems  to  he  the  proof  that 
none  of  the  additions  is  effective  in  destroying 
the  flammability  of  hydrogen  when  it  is  mixed 
with  air;  with  0.90  percent  of  lead  tetramethyl 
the  range  of  flammability  is  9  to  54  percent  coni* 
ared  with  9  to  71  percent  for  pure  hydrogen, 
lorcovcr,  the  permeability  of  a  balloon  fabric 
to  tli  explosion  suppressors  is  not  considered. 

AMMONIA  AND  ETHYL  BROMIDE 

The  limits  of  mixtures  of  ammonia  and  ethyl 
bromide  in  mixtures  of  oxygen  ami  nitrogen 
have  la*en  determined  in  very  small  tubes.  A 
diagram  in  the  original  paper  shows  (he  limits 
for  ammonia  and  ethyl  bromide  vajxir  singly 
and  mixed;  neither  gas  propugates  (lame  down¬ 
ward  when  mixed  with  air,  but  each  will  bum 
in  oxygen  {204). 
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HYDROGEN  SULFIDE  AND  METHANE 

Both  the  lower  and  higher  limits  of  mixtures 
of  hydrogen  sulfide  and  methane  in  air,  with 
upward  and  downward  propagation  of  flame  in 
closed  glass  tubes  5  cm.  in  diameter,  deviate 
widely  from  those  calculated.  The  lower  limits 
are  markedly  high.  The  higher  limits,  on  the 
other  hand,  are  very  high  for  mixtures  rich  in 
hydrogen  sulfide  and  low  for  other  mixtures  of 
the  series,  so  that  the  curves  (with  both  direc¬ 
tions  of  propagation)  for  experimental  and 
calculated  figures  cut  across  one  another. 
These  curves  are  reproduced  in  figure  57  (357). 

HYDROGEN  SULFIDE  AND  ACETYLENE 

The  lower  limits  of  mixtures  of  hydrogen 
sulfide  and  acetylene  in  air  have  been  deter¬ 
mined  with  upward  and  downward  propagation 
of  flame  in  closed  glass  tubes  5  cm.  in  diameter. 
The  maximum  deviation  from  the  calculated 
limit  was  0.3  percent  (357). 

CARBON  DISULFIDE  AND  VARIOUS  GASES 
AND  VAPORS 

Neither  lower  nor  higher  limits  of  mixtures 
of  carbon  disulfide  with  ether,  IxMizene,  acetone, 
am!  acetaldehyde,  with  downward  propagation 
of  flame  in  closed  tuln-s  5  cm.  in  diameter  and 
150  cm.  in  length,  ngreed  with  1*>  ('hotelier's 
law.  It  has  been  suggested  that  the  nropaga- 
tion  of  flame  in  mixtures  of  carbon  disulfide  and 
air  may  l>e  catalyzed  by  some  product  of  its 
combustion  and  that  the  catalytic  effect  may  lx> 
inhibited  by  ether,  benzene,  acetone,  and 
acetaldehyde  (.355  >. 

Mixtures  of  curiam  disulfide  with  ethyl 
bromide,  diethyl  seienide  tin  tetrnmethvl,  lend 
{otrnmeihyi,  pentane,  and  a  gasoline  fraction 
boiling  at  91.6’  ('.  give  abnormal  results.  The 
lower  limit  is  raised  by  the  first  small  additions 
oi  these  substances,  then  decreased  by  larger 
amounts.  Tin*  higher  limits  are  at  first  rapidly 
reduced,  but  further  additions  of  some  of  these 
substances  cause'  the  higher  limit  to  rise  [250 i. 

The  abnormal  effect  of  small  quantities  of 
certain  flammable  substances  on  the  lower 
limit  of  carlnm  disulfide  lias  already  been  dis¬ 
cussed  (p.  29). 

CARBON  MONOXIDE  AND  METHANE 

The  lower  limits  of  various  mixtures  of  cnriion 
monoxide  and  methane  in  air  in  a  vessel  6  feel 
high  and  12  inches  square  in  section,  with 
upward  propagation  of  flame  at  atmospheric 
pressure  (64),  acre  «s  follows; 
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The  higher  limit  of  a  mixture  of  equal  volumes 
of  carbon  monoxide  and  methane  in  air,  with 
upward  propagation  of  flame  in  a  tube  2  inches 
in  diameter  and  5  feet  in  length,  open  at  the 
firing  end,  was  22  8  percent  (64),  wnieh  i3  0.4 
percent  less  than  the  calculated  value  based  on 
a  corrected  higher-limit  value  (13.8  percent)  for 
methane  in  the  same  vessel. 

Experiments  with  downward  propagation  of 
flame  in  a  Hernpel  pipette  showed  fair  agree¬ 
ment  with  the  calculated  values  for  the  lower 
limits  of  mixtures  of  carbon  monoxide  and 
methane,  hut  for  ihe  higher  limits  the  observed 
values  were  always  low,  sometimes  as  much  as 
10  percent  (46). 

Atmospheres  of  Nitrous  Oxide. — The  limits  of 
mixtures  of  carbon  monoxide  and  methane  in 
nitrous  oxide,  with  downward  propagation  of 
flame  in  a  15-mrn.  burette,  have  been  plotted 
in  a  triangular  diagram  (330). 

CARBON  MONOXIDE  AND  ETHYLENE 

The  limits  of  mixtures  of  carixm  monoxide 
and  ethvlene  in  air,  with  downward  propaga¬ 
tion  of  flame  in  a  tula-  1.6  cm.  in  diameter,  have 
l>ern  determined  (317). 

CARBON  MONOXIDE  AND  ACETYLENE 

The  lower  limit  of  a  mixture  containing  84 

[n-rcen!  carf«on  monoxide  nrni  16  percent  acetyl¬ 
ene  1ms  been  determined  in  a  vessel  4  cm.  in 
diameter  and  25  cm.  tit  height,  presumably 
with  downward  propagation  of  flame  from  an 
open  end.  It  whs  9.1  percent  in  air,  agreeing 
closely  with  the  figure  calculated  from  the  limits 
of  carbon  monoxide  and  acetylene  observed 
individually  under  the  same  conditions  (222). 

METHANE  AND  HIGHER  PARAFFIN 
HYDROCARBONS 

METHANE  AHD  ETHANE,  METHANE  AND  PROPANE 
METHANE  AND  BUTANE  AND  ETHANE  AND  BUTANE 
IN  ADt 

ITic  lower  limits  of  methane-ethane,  raetheue- 
propane,  im-t liano-butanc.  and  ethane-butane 
mixtures  in  air,  with  upward  propagation  of 
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flame  in  a  tube  5  cm.  in  diameter  and  open  at 
the  firing  end,  agreed  closely  with  the  values 
calculated  from  Le  Chatelier’s  law;  the  higher 
limits  were  slightly  less  than  those  calculated 

(74). 

The  regularity  of  the  lower  limits  of  such 
mixtures  is  discussed  on  page  115. 

METHANE  AND  ETHANE  IN  MIXTURES  OF  AIR, 
NITROGEN,  AND  CARBON  DIOXIDE 

The  limits  of  mixtures  of  methane  and 
ethane  in  mixtures  of  air,  nitrogen,  and  carbon 
dioxide  can  be  calculated  closely  by  the  method 
given  on  pages  5  to  8,  with  the  aid  of  figures 
1  and  2  (147). 

METHANE  AND  PENTANE  IN  AIR 

Throughout  the  range  of  mixtures  of  methane 
and  pentane  the  lower  limits  with  upward  or 
downward  propagation  of  flame  in  a  tube  5  cm. 


in  diameter  agree  with  the  limits  calculated  by 
Ia>  C’hatelier’s  formula  from  the  limits  of 
methane  and  pentane  separately  (857).  The 
lower  limit  of  a  50  :  50  mixture,  with  horizontal 
propagation  of  flame  in  a  tube  2.5  cm.  in  diam¬ 
eter,  open  at  the  firing  end,  was  close  to  the 
calculated  value  (272). 

The  higher  limits  in  the  5-cm.  tube  were 
usually  less  by  a  few  tenths  of  1  percent  than 
those  calculated  (857). 

MIXED  PARAFFIN  HYDROCARBONS  IN 
GENERAL 

The  lower  limits,  but  not  the  higher  limits, 
of  the  simpler  paraffin  hydrocarbons  and  their 
mixtures  exhibit  an  interesting  and  useful 
regularity  (7.)) ;  they  are  approximately  a 
function  of  the  analytical  ratio  ('.A,  ('  being 
the  contraction  observed  on  exploding  the  mix¬ 
ture  with  excess  air  and  „l  the  volume  of  carbon 
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dioxide  produced.  The  lower  limit  of  any 
mixture  of  paraffin  hydrocarbons  can  therefore 
he  deduced  without  exact  knowledge  of  its 
composition;  all  that  is  required  is  a  determina¬ 
tion  of  the  (':A  ratio  of  the  mixture  and  refer¬ 
ence  to  figure  58,  the  curve  of  wdiieh  is  drawn 
thiough  experimental  points.  The  broken  part 
of  the  curve  may  be  used  to  supply  the  lower 
limits  of  heavy  paraffin  hydrocarbons  and  of 
their  mixtures. 

Recent  figures  for  the  higher  hydrocarbons 
confirm  the  curve,  but  figures  for  ethane  and 
propane  tend  to  flatten  it  somewhat. 

NATURAL  GAS 

NATURAL  GAS  IN  AIR 

The  lower  limit  of  a  natural  gas  in  air.  with 
upward  propagation  of  flame  in  a  tube  7  feet  in 
height,  and  12  inches  in  diameter  and  with  the 
firing  end  open,  was  4. SI  percent.  The  mixture 
contained  about  2  percent  water  vapor.  The 
percentage  composition  of  the  gas  was: 
Methane,  S7.4;  ethane,  6.8;  propane,  :.;>5; 
butane,  0.8 1 .  pentane,  truce;  nitrogen,  if. 2; 
oxygen,  0.1 ;  and  carbon  dioxide,  0.0.  The  limit 
figure  represents,  for  convenience,  the  pro|tor- 
tion  of  the  flammable  constituents  of  the 
natural  gas  in  the  limit  mixture  with  air.  If 
the  nitrogen  and  oxygen  were  included,  the 
limit  would  lx*  neatly  5.1  permit.  For  propa¬ 
gation  of  flame  upward  from  closed  to  open  end 
in  the  same  tube,  the  lower  limit  was  4.74  per¬ 
cent  (llnmmuble  constituents). 

The  limits  of  the  same  natural  gas  with 
up  a  uni  propagation  of  flame  in  a  tube  2  inches 
in  diameter,  open  at  the  firing  end,  very  nearly 
obey  la*  (’batcher's  law.  For  dry  gases  (he 
limits  id  tin*  flammable  part  of  the  natural  gas 
were  4. SO  and  Id. 46  |H*reeitt.  The  figures  rai- 
culated  from  the  corresponding  limits  for  th<* 
individual  constituents  methane  5.24  and 
14 .02  percent:  ethane  5.22  and  12.45  percent; 
propane  2.57  and  9.50  percent;  and  butane  1  >6 
and  a.4l  percent  were  4. 8 5  and  15.72  percent. 
The  lower  limit  is  not  appreciably  affected  by 
i lie  nitrogen  in  the  natural  gas,  hut  the  higher 
limit  is  (compare  tig.  20.  showing  the  inll  ience 
(if  nitrogen  on  the  limits  of  methane  in  air). 
An  estimate  of  the  influence  of  nitrogen  on  the 
higher  limit  may  U*  made  thus:  If  0.4  percent 
nitrogen  is  deducted  (winch  corresponds  with 
t ■  !  {tcreent  oxygen  found  in  tin*  natural  gas) 
there  remains  2.N  percent  nitrogen,  which  is 
brought  to  tin*  mixture  with  the  natural  gas. 
As  this  amount  is  present  with  the  15  7  percent 
hvilrocarisuis  in  the  whole  limit  mixture,  it 
represents  a  I  miii  f  04  percent  "additional  nitro¬ 
gen”  in  the  original  "atmosphere.”  Figure  20 
allows  that  this  depresses  the  higher  limit  of 
methane  about  0. !  percent,  and  doubtless  ila 


effect  on  the  higher  limit  of  natural  gas  is  about 
the  same  (74). 

Further  evidence  that  the  limits  of  natural 
gas  may  be  calculated  fairly  accurately  from 
the  limits  of  its  various  constituents  is  provided 
by  data  showing  that  Taj  Chatdier’s  law  is  fol¬ 
lowed  when  certain  pairs  of  the  constituents  are 
taken  together.  (See  the  sections  on  methane- 
ethane,  methane-propane,  methane-butane, 
methane-pentane,  and  ethane-butane  mixtures.) 
The  limits  of  22  samples  of  “natural  gas,”  of 
widely  varying  compositions  from  many  States, 
have  been  calculated  on  the  basis  of  analytical 
figures  expressing  the  flammable  constituents  as 
methane  and  ethane  only  (154). 

Influence  of  Pressure. — In  experiments  in  a 
closed  tube  2  inches  in  diameter  and  12  inches 
in  length,  with  upward  propagation  of  flame 
and  with  initial  pressures  from  1  to  about  24 
atmospheres,  the  lower  limit  of  a  natural  gas 
(analysis:  Methane,  79.6;  ethane,  19.2  percent) 
remained  nearly  constant;  the  higher  limit  rose 
from  14.0  to  37.5  percent  <1 54).  In  an  ex¬ 
tension  of  these  experiments,  but  with  a  tube 
15  inches  long  and  a  natural  gas  giving  by 
analysis  methane  around  85  percent  and  ethane 
around  15  percent,  the  following  figures  may  be 
read  from  plotted  results  (160): 
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with  downward  propagation  of  flame,  tlx*  higher 
limit  of  a  “natural  methane"  (methane,  80.3; 
higher  paraffins,  11.1  percent)  rose  from  14.25 
percent  ‘‘methane”  at  atmospheric  pressure  to 
59  percent  at  12  atmospheres  and  52  percent  at 
50  atmospheres  (2S! ), 

At  pressures  Ix-lovv  atmospheric  in  a  closed 
tube  2  inches  in  diameter  and  6  feet  in  length, 
with  upward  propagation  of  flame,  the  limits 
remained  nearly  constant  as  the  im'ial  pressure 
was  reduced  from  atmospheric  to  alauit  200 
min.  At  lower  pressures  the  limits  convcrycej 
end  propagation  was  not  obtained  ia’low 
50  nun.  (154 ). 

Influence  of  Turbulence  Caused  by  Fans  or 
by  the  Detonation  of  Explosives.  Kxpcrimcnt* 
have  liven  made  to  determine  whether  'he  lower 
limit  of  natural  gas  in  air  is  affected  by  turbu¬ 
lence'  Mieli  as  that  produced  by  funs  or  by  the 
detonation  of  explosives  {<5).  The  its**  of 
explosive's  necessitates!  experiments  on  u  rather 
large  scale,  therefore  a  2(t-fix>t  section  of  a 
1 00-foot  steel  tube  ti'j  feet  lit  diameter  was  used 
Tin*  explosives  wen*  fires!  near  one  end  of  the 
horizontal  axis  e»f  the  tula'.  The*  tufa'  had 
paper-covered  relief  vents  along  the  top,  and 
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the  end  opposite  the  source  of  ignition  was  closed  slightly  at  moderate  speeds;  at  higher  speeds 
by  a  paper  cover.  The  appearance  of  flame  at  inflammation,  apart  from  explosion,  could  not 
the  various  orifices  enabled  the  extent  of  an  be  observed. 

inflammation  to  be  roughly  judged  The  The  term  “inflammation”,  as  used  in  the 
observations  were  aided  by  noting  the  effect  preceding  paragraphs,  apparently  covered  the 
of  an  experiment  on  tufts  of  guncotton  placed  range  of  mixtures  capable  of  propagating  flame 

at  various  points  in  the  tube.  from  the  source  of  ignition  for  some  distance 

The  results  were  conveniently  classed  as  (1)  upward,  spreading  more  or  less  laterally;  the 
explosions,  when  the  paper  covers  were  blown  term  “explosion”  was  used  to  designate  enough 

out  violently  and  flame  appeared  from  the  inflammation  at  sufficient  speed  to  cause  the 

vents;  (2)  inflammations,  when  it  was  evident  effects  described.  The  reduction  of  the  limit 
that  some  gas  had  been  ignited,  but  no  great  of  explosion  by  the  long  flames  of  gunpowder 

violence  was  observed;  and  (3)  nonignitions.  was  due  to  the  greater  burning  induced  by 

A  small  electric  igniter  of  black  blasting  them;  a  similar  effect  was  produced  by  turbu- 

>>Owder  gave  a  lower  limit  of  explosion  of  about  ienee. 

3.6  percent  natural  gas  and  a  lower  limit  of  The  natural  gas  used  in  these  experiments 
inflammation  of  about  4.6  percent.  contained  87.8  percent  methane,  6.9  percent 

Black  blasting  powder  (50  or  200  grams),  ethane,  2.0  percent  propane.  0.8  percent  butane, 

burning  with  a  long  flame,  gave  limits  of  5.1  1.0  percent  nitrogen,  and  no  oxygen  or  carbon 

percent  and  less  than  4.7  percent,  respectively.  dioxide.  The  pi  reentages  of  natural  gas  in  the 

A  straight  nitroglycerin  dynamite  (50  or  limit  mixtures  refer  lo  “nitrogen-free”  gas  (75). 
200  grams)  gave  a  lower  limit  of  explosion  of  5.6 

percent;  “inflammation”  could  not  he  observed  NATURAL  GAS  IN  OTHER  ATMOSPHERES 

with  certainty  at  lower  percentages  on  account 

of  t he  violent  effects  of  the  detonation  on  the  Atmospheres  of  Air,  Nitrogen,  and  Carbon 
paper  covers.  Dioxide. — An  extensive  series  of  experiments  in 

Turbulence  induced  by  a  fan  run  at  appropri-  a  100-ee.  ifempel  pipette  and  in  a  short  steel 

ate  speeds  reduced  the  limit  of  explosion  to  5.0  cylinder  of  2.8-!iter  capacity  lias  been  made 

percent.  The  limit  of  inflammation  was  reduced  with  one  sample  of  natural  gas  tl’ittsburgli) 
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and  atmospheres  that  contained  oxygen,  nitro¬ 
gen,  and  carbon  dioxide.  The  composition  of 
the  mixtures  tested,  including  the  natural  gas, 
ranged  from  19.9  to  14  percent  oxygen  and 
from  0  to  61  percent  carbon  dioxide.  The 
results  are  plotted  iti  comprehensive  curves 
in  the  original  paper  0>4). 

The  limits  of  any  sample  of  na'ural  gas 
containing  methane,  ethane,  propane,  butane, 
nitrogen,  and  cat  bon  dioxide  can  he  calculated 
with  reasonable  accuracy  from  the  limits  of 
the  individual  combustible  const  it  utents  in 
atmospheres  of  different  oxygen  and  carbon 
dioxide  content  (147).  The  experiments  were 
made  in  a  tube  2  inches  in  diameter  and  6  feet 
in  length,  with  upward  propagation  of  flume 
at  atmospheric  pressure 

Atmospheres  of  Air  and  Nitrogen  at  Elevated 
Pressures. — The  limits  of  a  natural  gas  (meth¬ 
ane,  So  percent;  ethane,  L>  percent)  in  air- 
nitrogen  mixtures  at  elevated  pressures  have 
been  determined,  with  upward  propagation  of 
Hume  in  a  tulie  2  inches  in  diameter  and  15 
inches  in  length.  The  results  are  summarized 
in  figure  59,  from  which  may  be  ascertained 
whether  anv  such  mixture,  of  known  natural 
gas  and  oxygen  content,  is  flammable  at  the 
various  pressures  indicated  (/o't/i.  interpola¬ 
tion,  or  reference  to  other  diagrams  in  the. 
original  paper,  will  give  the  same  information 
for  other  pressures. 

METHANE  AND  ETHYLENE 

The  limits  of  mmx lures  of  methane  and  ethyl¬ 
ene  In  air,  with  upward  and  downward  propa¬ 
gation  of  flame  ui  dose  I  tubes.*, cin  in  diameter, 
were  generullx  slightly  narrower  than  tbo-e 
calculated  (do? ! 

METHANE  AND  ACETYLENE 

The  hunts  of  mixture-  ,,f  methane  and 
acetylene  in  air  with  upward  and  downward 
propagation  of  Maine  have  been  determined  in 

closisl  glass  tubes  ",  eln  III  diameter.  i  be 
lower  limits  with  both  diieetions  of  MMtpuga- 
lioll  Were  slightly  higher  than  these  ■  ulciduled 
Tile  higher  limits  with  downward  propagation 
were  a  little  less  then  I li» *» «*  calculated.  Inti 
with  upward  propagation  tint  were  much 
greater.  The  greatest  ditferenee  wu'-fiown  ny 
the  41)  :  6ft  a  •i‘nient'-!iietiiaiie  mixture,  for 
winch  the  observed  higher  limit  was  47  pen-cut 
compared  with  21  m-neiit  for  the  cHlctilutid 
higher  limit  (do 

METHANE  AND  CERTAIN  HALOGENATED 
HYDROCARBONS 

For  the  limits  of  mixtures  of  methane  with 
Certain  lialogeniitod  hydrocarbons  which  arc 
cither  IlHmmable  separately ,  or  become  tium- 

MKi.W  it  H 


mahle  when  mixed  with  methane,  set  pp.  51  to 

54. 

METHANE  AND  VARIOUS  VAPORS 

The  complete  ranges  of  flammability  of 
methane  and  the  vapors  of  various  substances 
have  been  determined  individm  Ily  in  air  with 
downward  propagation  of  flume  in  narrow 
tubes.  These  substances  are:  Isobutyl  chloride, 
propyl  bromide,  ethyl  iodide,  sulfuryl  chloride, 
silicon  tetrachloride  and  silieochlorofortn  (195), 
and  isoamyl  bromide  (19(1). 

Atmosphere  of  Oxygen. — Representative  s<"- 
ries  of  experiments  on  the  limits  of  mixtures  of 
methane  and  methyl  chloride  in  oxygen  have 
been  made  at  pressures  from  600  mm.  down 
to  the  point  of  coincidence  of  the  limits  (99). 

BUTANE  AND  ETHYL  CHLORIDE 

The  limits  of  mixtures  of  butane  and  ethyl 
chloride  in  air.  with  downward  propagation  of 
flame  in  a  1.6-cin. -diameter  tube,  are  given  in 
curves  (349). 

BENZINE 

BENZINE  IN  AIR 

The  lower  limit  of  benzine  in  air  with  upward 
propagation  of  tlumc  is?  a  tube  6.2  cm.  in 
diameter,  open  at  the  firing  end.  was  SI  per¬ 
il-::!  Tin*  limits  for  propagation  downward 
in  a  rinsed  pipette  1.9  mi.  m  diameter  were 
2  4  and  4.9  jjerrent.  AH  the  benzine  distilled 
below  H.*°  (".  (95).  In  similar  experiments  to 
ilii-  inst  named,  r.  second  observer  four -1  limits 
of  i  .9  and  5  !  percent  for  benzine  having  a  boil- 
iug  range  of  67°  to  94°  t, *, 

BENZINE  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Composition  Between  Air 
and  Pure  Oxygen.  The  low  limit  of  b-.-nzme 
in  nil  atmosphere-  of  composition  between  air 
nod  pure  oxygen,  with  downward  propagation 
of  fie  tin-  in  a  Bunte  iiuiette  Ml  mm.  in  diameter, 
was  about  2.<l  percent;  the  higher  limit  rose 
from  5.1  percent  in  air  to  if-  percent  in  60 
percent  oxygen  j;  id  2S  6  percent  in  94  petveiil 
oxygen 

Atmospheres  of  Air  and  Carbon  Tetra¬ 
chloride.  I.Hig,  amounts  of  eat  lain  tetra¬ 
chloride  must  be  added  to  benzine  in  order 
that  the  vafHUN  arising  from  the  liquid  shall 
he  incapable  of  forming  a  flammable  mixture 
with  air  i7>. 

BENZINE  AND  BENZENE 

Influence  of  Pressure.  Curves  showing  the 
mfhieiiee  of  pressure  up  to  500  atmospheres  on 
the  limits  of  r.  60  :  40  mixture  of  benzine 
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(boiling  range,  7S°-S2°)  mul  benzene  in  air 
have  been  given  (11).  but  the  range  of  flamma¬ 
bility  seems  impossibly  wide. 

GASOLINE  (PETROL) 

GASOLINE  IN  AIR 

The  limits  of  three  gasolines,  with  upward 
propagation  of  flame  in  a  2-:noh-dmmeter  tube 
at  approximately  a.mospherie  pressure,  have 
Wen  determined  ( /  -1  / ) .  The  gasolines  had  the 
following  properties: 
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Tests  of  the  flammability  of  mixtures  were 
made  alternativelv  by  applying  an  aleohol 
flame  at  the  open  lower  end  of  the  tube,  or  nv 
passing  a  spark  just  within  the  lower  etui  of  the 
tube  without  removing  the  ground-glass  rover- 
plate.  Wien  the  latter  proredure  was  used, 
the  mixture  was  originally  at  a  red  need  pressure 
but  the  passage  of  flame  raised  the  pressure  to 
approximately  atmospheric.  The  results  oW 
tained  by  the  two  methods  were  marly  the 
same,  as  is  shown  by  the  following  figures. 
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The  limits  in  air  may  therefore  be  pul  as 
1.4  anti  7.0  jM'reent  (/.)/!. 

Other  determinations  of  the  limits  of  gasoline 
vapor  in  air  ate  as  follows 

The  limits  with  upward  propagation  of  flame 
in  a  2.,'s-liter  glass  jar  were  I  4.1  and  ti.2  percent 
gasoline  vapor  (by  \  ohmic).  The  limits  with 
downward  propagniit.n  in  a  llempel  pipette 
of  100-or.  capacity  were  i .05  anti  5.25  pereent; 
with  upward  propagation  the  lower  limit  was 
1.55  pereent.  The  gasoline  had  a  specific 
gravity  of  O.fiM*  at  15°  and  n  ladling  range 
of  50°  to  140°  <’.;  at  I4tb  ( \  there  wa-  2  7 
permit  residue  (41.  42). 

Tlu>  limits  in  n  cylindrical  laimb  of  I  2  liters 
cajmeitv  were  1.4  ami  till  percent  <250>. 

The  lower  limits  of  live  ga-oluus  in  a  -mall 
U»t  lube  ranged  from  1.24  to  1.04  percent .  the 


liigber  limits  from  5.42  to  7. .88  percent  ($?4). 

The  hover  limits,  by  weight,  of  the  ntore- 
volatik  parts  t>f  a  series  of  eraeketl  ami  straight- 
run  gasolines  are  equal  (-W).  This  is  explained 
by  the  observation  that  the  limits  of  a-lu-xane. 
«-!icptano.  /i-octane.  cyclohexane.  and  benzene 
are  equal.  57  mg.  per  liter  of  air 

The  limits  of  gasolines  obtained  by  tlie  dis¬ 
tillation  of  raw  oils  up  to  1st)0  ('.  have  been 
determined  in  a  2. 5-liter  bottle.  The  oils  ate 
described  as  Irak,  IVehelbronn,  Kettleman 
Hills,  Kquateiir.  Saxet.  and  Santu-Fife  The 
results  are  expressed  in  terms  of  cubic  centi¬ 
meters  of  liquid  per  liter  of  air  at  100°  ('.,  and 
the  maximum  dillerenees  were  If  pereent  in 
the  lower  limit.  14  pereent  in  the  higher  limit 
(MIV 

Influence  of  Pres  ure.--  At  pressures  below 
atmospheric,  in  a  closed  tube  2  inches  in 
diameter  and  ti  feet  in  length,  with  upward 
propagation  of  flame,  ti  e  limits  of  a  gasoline 
1 100-octane)  remained  nearly  constant  as  the 
initial  pressure  was  reduced  from  atmospheric 
to  about  500  mm.  At  lower  pressures  the 
limits  converged,  and  propagation  was  not 
obtained  below  55  nun.  pressure  (ISO).  In  a 
tank  of  125  cubic  feet  capacity,  the  limiting 
pressure,  at  which  no  propagation  of  flame  was 
obtained  in  any  mixture  of  gasoline  and  air. 
was  about  55  mm.  (257 1. 

In  another  series  of  experiments,  which  seem 
to  have  been  tests  of  the  iiuviuii vily  of  various 
sparks  rather  than  determinations  of  limits  of 
flammability,  ignition  was  not  obtained,  in  a 
4  ! 0-liter  spherical  vessel,  below  100  mm.  (25/0. 

influence  o»  Tcmpcitaui'c.  Ai  -bRi" 
lower  limit  with  upward  propagation  of  Hume 
in  a  llempel  pipette  of  loo  ee.  capacity  was 
1!  percent  compared  with  1.55  percent  at 
room  temperature  i >. 

Other  experiments  indicate  that  temperature 
has  ii  greater  effect  :  bill  tin'  results  seem  unre¬ 
liable  bemuse  in  a  parallel  series  of  tests  the 
lower  limit  of  aleohol  at  room  temperature  was 
miiioubtei  II V  tOO  Ill'll i  ’  Jit). 

l  lie  low i  r  linnis  of  some  French  gasolines, 
with  downward  piopugation  of  flume  in  « 
2; .-liter  I m > t  lie,  at  temperatures  from  100 J  to 
250°  (\.  are  given  in  tabic  41  (p  120i. 

Kxperiments  in  a  4.10-liter  spherical  vessel, 
at  l.ttOO  nun  nressme,  gave  the  limits  of  an 
87-octnnc  gasoline  as  1  I  and  7  ti  p<  ivent  at 
0°  l'..  I  15  and  7.1  percent  at  40  5'  (’. 
Other  results  are  represented  in  a  series  of 
diagram-  1 25/n. 

The  lower  limits  of  a  gasoline  (distillation 
range.  5s  to  151°  ('.)  with  upward  propagation 
of  flame  in  a  cylinder  5t).0  cm.  in  diameter  and 
50  cm.  in  length,  vented  at  its  upper  end.  are 
1.07  percent  at  21°  0.94  ut  UK)0  and 

0.77  at  2(H)  -  l\  (2.i.0p 
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GASOLINE  IN  OTHER  ATMOSPHERE?? 

Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen). — The  limits  of  the  three  gas¬ 
olines  defined  above  (sfc  Gasoline  in  Air, 
samples  1,  2,  and  3),  with  upward  propagation 
of  flame  in  a  2-inch  tube  at  approximately 
atmospheric  pressure,  are  given  by  a  single 
curve  (A’j I  in  figure  (>0.  No  mixture  of  gasoline 
vapor,  air.  and  nitrogen  i-  flammable  if  it 


Atmospheres  of  Air  and  (at  Trienloromono- 
fluoromethene,  (b)  Dichlorodifluoromethane, 
and  (c)  Dichloromonofluoromethane. — Figure 
1*0  also  shows  the  results  of  similar  experiments 
with  these  three  lialogen-stihstituted  methanes. 
Their  extinctive  effects  are  considerably  greater 
than  those  of  p.itrogen  and  carbon  dioxide,  and 
no  mixture  of  gasoline  vapor,  air,  and  any  of 
them  which  contains  less  than  17.2  percent  of 
oxygen  is  flammable  ). 


Kiel  to:  t>0.  Limits  ■  '!  I'iattuntDilil  *  of  <  •iiMitim*  \»|»>r  i:i  Various  Air  Ineri  <  i».~  At iitusplien'*. 


fonlains  less  than  1 1.0  percent  of  oxygen  it 

Atmospheres  of  Air  and  Carbon  Dioxide 
FtgttP*  tit*  hI-ji  show  <  the  limits  of  gasoline  vapor 
in  all  mixtures  of  air  and  cnrlion  dioxide, 
determined  as  in  the  p.oious  paragraph  (/.7t. 

Atmospheres  of  Air  and  Exhaust  Gas.  Fig¬ 
ure  tilt  also  show-  the  limns  of  gasoline  vii|a*r 
in  all  mixtures  ot  air  with  a  mixture  containing 
N.“»  percent  of  nitrogen  and  l.">  percent  of  <-ur!*on 
dioxide,  that  is,  an  “exhaust  gas"  of  a  jietroi 
engine  with  the  fuel. tor  ratio  ndi.'sted  to 
give  a  ninximum  of  carlmii  dioxide  and  a 
minimum  oi  curia  n  monoxide  and  oxygen  {lit 


Atmospheres  of  Air  and  Carbon  Tetra¬ 
chloride.  -Stt  talile  20. 

NAPHTHA 

The  limits  of  naphtha  (distillation  rangt1. 
1 4t» ’’  to  17i°  <’  t  in  air.  with  upward  propaga¬ 
tion  of  th,oie  in  i  lulu*  1  inch  in  diameter  and 
!S  nu'hes  in  length,  open  at  the  top  and  at  a 
temperature  sutlieienl  to  vaporize  the  naphtha, 
are  0. Vi  and  4 .So  percent 

Influence  of  Temperatures.---  The  lower  limits 
of  three  tyjH's  of  na|ditha  in  air  at  various 
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temporal  tires,  with  upward  propagation  of 
flante  in  a  steel  cylinder  30.6  inches  in  diameter 
and  .i9  cm.  in  length,  vented  at  its  upper  end. 
are  given  below  (239) : 


Table  39.--  ffxjhir  limits  of  mixtures  of  ryclo- 
pro/Hint  i!ioi  i  tit  pit  ni'  in  on/pm 


Hnrh- solvency 
pet  roHttn 
ns»ph  t  ha 


N*o.  10  mlrtoml 
spin!  s 


VM  4P 


Disiflhtioa  ran** _  U)4°  to  *T'  c  iw®  to  19>4  C  yr®  *  >  I V*  C. 

Specific  pravity.  . . .  O.SltW .  O.TSIrt. . .  0  Wv 

Ffcsh  point . . .  2.5°  T .  40 .0®  C .  -2.5*  C. 

L«rfr  limits  at  the 
folkvrtnff  tempers- 
tun's,  *  (’.  : 

at  .  t.00 . . . . 

too .  o.ss). .  e  rr.  .  ox 

100--.  - . .  ...  0:4 .  ,V»v3.  .  .  0*7. 

12S . .  0.71 .  Preflame  ,vm-  I’rrfhmf  com* 

bu.  tion  bti'thMi 

. .  O.bO. . . . . tlo .  IV 
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NAPHTHA  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  and  Carbon  Tetroehlor 
ide. — >SYe  p.  68. 

KEROSINE 

The  limits  of  kerosine  in  air.  with  upward 
propagation  of  flame  in  a  lube  I  inch  in  diameter 
and  IS  inches  in  length,  open  at  the  top  and  at 
a  temperature  sufficient  to  vaporize  the  kero¬ 
sine.  are'  0.70  and  4  SO  percent  (IIS) . 

PETROLEUM  VAPORS 

The  limits  of  the  vapors  arising  front  a  crude 
petroleum  (flash  point  —21 3  C\.  ladling  range 
til0  to  313°  V.)  were  13  and  4.9  |vrvent  with 
owMitvioiit  propagation  01  it. not  111  u  siuaii 
vessel.  Above  5°  (\  air  saturated  with  the 
vapors  was  alstve  the  higher  limit  of  flamma¬ 
bility  (-129). 

The  limits  for  the  higher  fractions  of  poirt>- 
leum  (that  is,  Diesel  oust  lie  in  a  range  up  to 
alamt  56  mg.  per  liter  even  when  the  oil  is 
suspended  as  a  fine  mist  at  ordinary  tem¬ 
peratures  (dot. 

Atmospheres  of  Air  end  Carbon  Dioxide. 
The  addition  of  carbon  dioxide  to  the  atmosphere 
narrowed  the  limits  until  they  coincided:  at 
6°  t\.  61  percent  c«rf»on  dioxide  was  necessary ; 
at  20s.  51  percent;  at  30’,  44  percent ;  and  at 
40°.  37  percent  ( 229) . 

CYCLOPROPANE  AND  ETHYLENE 

CYCLOPROPANE  AND  ETHYLENE  W  OXYGEN 

The  higher  limits  of  mixtures  of  cyclopropane 
and  ethylene  in  oxygen,  with  upward  propaga¬ 
tion  o'  flame  in  a  2-inch-diameter  iiiIm*,  open 
at  the  lower  end,  are  gi\  en  in  table  39  (133). 


Composition 
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CYCLOPROPANE  AND  ETHYLENE  IN  OTHER 
ATMOSPHERES 

The  addition  of  10  percent  of  helium  to  cyclo- 
propane-ethylene-oxygen  mixtures  affects  the 
inininium  oxygen  content  for  flame  propaga¬ 
tion  only  slightly  Similarly,  the  addition  of  10 
percent  of  hydrogen  laid  little  effect  (163).  The 
addition  of  nitrogen,  up  to  20  percent,  “is  of  no 
particular  advantage  in  reducing  flammability, 
nor  docs  such  addition  permit  mixtures  of  a 
higher  oxvgeu  content  to  bo  used  in  anesthesia 
if  nonflammability  is  required"  (193). 

DIMETfiYL  CYCLOPENTANE  AND 
ISOHEPTANE 

The  lower  limit  of  a  mixture  of  43  percent 
dimethyl  c\elo|>entane  and  57  percent  tsohep- 
tane.  with  downward  propagation  of  flame  in  a 
tube  5  cm.  in  diameter  at  *  t'.i  cm.  in  length, 
open  at  the  firing  etui,  is  1.12  percent  (230). 

TURPENTINE 

Tin  u>wer  limit  of  terpentine  in  air.  condi¬ 
tion  not  specified,  is  0.S  percent  (10I‘. 

Influence  of  Temperature,  The  lower  limits 
of  turpentine  {distillation  range,  153°  to  197° 
C. )  with  upward  propagation  of  flame  in  a 
cylinder  30. li  cm  in  diameter  and  39.0  cm.  in 
length,  vented  at  its  upj>er  end.  are  0.09  |>err*  nt 
at  100°  C  and  0.54  at  200°  (’  (239 1. 

COAL  GAS  AND  COKE-OVEN  GAS 

CO  A I  GAS  AND  COKE-OVEN  GAS  IN  AIR 

The  lower  limit  of  a  “town  gas''  ( 3J, ),  with 
upward  propagation  of  flame  in  a  vessel  0  feet 
high  and  12  inches  square  in  section.  oj>en  at  the 
firing  end.  was  5  35  percent.  The  figure  calcu¬ 
lated  from  an  analysis  given  below  in  conjunc¬ 
tion  with  the  limits  of  the  individual  constitu¬ 
ents  of  the  pis  is  5.36  percent. 

The  higher  limit  of  a  coal  gas  g>\p.  with  up¬ 
ward  propagation  of  flame  in  a  tula*  5  feet  tn 
lirurlit  niul  2  indies  in  diameter,  open  at  the 
firing  end,  was  30.9  percent.  The  calculated 
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figure  is  28.8  percent,  uncorrected  for  inert  con¬ 
stituents  of  the  pis. 

The  limits  of  coke-oven  pis.  with  upward 
propagation  of  flame  in  a  G-em. -diameter  tube, 
loosolv  stoppered.  were  4.4  and  34.0  percent 

m)Y. 

The  compositions  of  the  town  gas,  coal  pis. 
and  coke  oven  pis  used  in  the  foregoing  experi¬ 
ments  were  given  as  follows,  in  percentages: 
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The  recorded  limits  of  town  and  coal  gas  in 
smaller  vessels  ami  for  other  directions  of  propa¬ 
gation  are  such  as  might  he  expected  front 
mixtures  containing  a  large  proportion  of  hydro¬ 
gen  and  different  amounts  of  heavy  hydro- 
earlains  («*>.  24  26,  SO.  4S.  55.  95,  21$.  241, 
270.  276.  261,  297,  S2S,  S67.  SOS).  Thus,  for 
the  lower  limit  the  fipiros  r«np>  from  5  percent 
for  upward  to  10  percent  for  downward  projut- 
gation:  the  higher-limit  figures  range  from  1S.5 
percent  for  downward  to  .11  percent  for  upward 
propagation.  One  higher  limit  given  is  53.8 
percent;  the  composi'ion  of  the  gas  is  not 
stated  {!>). 

An  old  s.’t  ,tt  ,  ,«  . .un  tiis  snow oil 

an  increase  from  S  1  to  8.7  peioent  in  the  lower 
limit  of  a  coal  gas  as  the  diameter  of  the  exj*eri- 
mental  tula'  was  dt creased  from  30  to  10  mat. 
(216).  More  recent  experiments  showed  that 
flame  would  still  travel,  apparently  indefinitely, 
in  a  tulie  If  nun.  in  diameter  w  hen  one  of  the 
most  explosive  mixtures  was  used  hut  would 
not  travel  ’it  a  tilin'  2  mm  in  diameter  (276'1. 

Influence  of  Pressure.-  -The  higher  limit  of  a 
French  town  gas  n>se  rapidly  with  increasing 
trossurc.  At  atmospheric  pressure  the  higher 
imit  was  18.5.  at  10  atmospheres  37.5,  and  at 
22  atmospheres  51  percent.  Further  increase'  in 

J treasure  had  less  •  tf-s-t,  as  at  54  atmospheres  the 
imit  was  56.5  percent  gas  The  experiments 
were  made  with  gas  impressed  into  tula's  of 
3-  or  5- mm.  diameter,  with  downward  propa¬ 
gation  of  flame,  and  reasons  art'  given  for  con¬ 
cluding  that  the  n'sults  would  lie  the  same  in 
wider  vessels  (261).  However,  as  similar 
e.xpt'rinsenis  (51)  gave  low  n>sults  for  hydrogen 
and  for  methane  these  results  abo  arc  probably 
loo  *ow.  Moreover,  for  upward  propagation  of 
flame  ti>e  results  would  probably  In'  higher. 
The  observations  are  of  importance  in  relation 
to  the  use  of  compressed  gas  (261) 


Influenci  of  Temperature. — In  a  35-ec.  bulb, 
with  side  ignition,  the  lower  limit  fell  gradually 
from  6.9  to  6.3  percent,  and  the  higner  limit 
rose  from  22.8  to  2S.7  percent  as  the  tempera¬ 
ture  was  increased  from  15°  to  300°  C.  The 
composition  of  the  gas  used  is  given  under  the 
heading  Cod  (las  in  Oxygen  (297). 

Influence  of  .’Impurities  (Nitrogen  and  Carbon 
Dioxide). — Two  curves  in  figure  61  show  the 
limits  of  a  coal  gas  polluted  with  nitrogen  and 
carbon  dioxide,  with  downward  propagation  of 
flame  in  a  Bunte  burette.  The  abscissas 
represent  the  composition  of  the  gas  in  terms 
of  its  calorific  value  (60).  These  can  readily 
be  converted  to  percentage  composition,  as  the 
calorific  value  of  each  mixture  is  proportional 
to  its  coal-gas  content. 

COAL  GAS  IN  OXYGSN 

The  limits  of  coal  gas  in  oxygen  in  a  35-ce. 
bulb,  with  side  ignition,  were  7.4  and  69.7 
percent  (297).  The  percentage  composition 
of  the  coal  gas  was:  Heavy  hydrocarbons,  5.3; 
carbon  dioxide.  2.0;  carbon  monoxide,  6.4; 
methane,  34.5;  hvdrogen,  49.4:  and  nitrogen, 
2.4. 

Influence  of  Temperature. — In  the  same  series 
of  experiments  it  was  found  that,  as  the  temper¬ 
ature  was  mist'd  to  300°  the  lower  limit 
fell  gradually  to  6.9  percent  and  the  higher 
rose  to  72  percent. 

Influence  of  Pressure. —The  higher  limit  of  a 
French  town  gas  in  oxygen  was  7S.6  percent  at 
atmowpherie  iii  <  "’.:rv,  e  j  percent  a?  10  a tmos 
plteres.  and  89.1  percent  at  43  atmospheres. 
The  experiments  were  jierformcd  as  descrilied 
under  ('oal  (ias  in  Air.  At  74  atmospheres 
pressor  a  mixture  of  89.6  percent  gas  and  10.4 
percent  -  xvgeti  could  not  he  exploded.  It  was 
concluded  that  mixtures  of  tow  n  gas  and  oxvgert, 
compressed  in  tanks  up  to  200  atmosphere* 
tressure,  could  not  explode  if  they  contained 
ess  than  10  percent  oxvgett  hut  that  it  would 
lie  prudent  not  to  exceed  5  or  6  percent  oxygen 
Moreover,  such  mixtures  must  be  compress'd 
in  such  a  way  as  to  avoid  undue  rise  in  ’heir 
temperature,  which  would  widen  the  limits. 
Cp  to  SO'  <\.  however,  the  higher  limit  is  not 
appreciably  altered  1 50,  261). 

COAL  GAS  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Composition  Between  Air 
and  Pure  Oxygen.—  The  limits  of  a  synthetic  il¬ 
luminating  gas  in  air  in  a  Bunte  lunette  were 
9.7  and  25.1  percent;  they  rose  to  9  9  ant*  73.7 
in  a  mixture  of  96  jicrcrnt  oxygen  and  4  percent 
nitrogen  (525).  The  pcrreninp'  com|»osition 
of  the  gas  ustsl  was:  t'arlmn  dioxide.  2.0:  ethyl¬ 
ene.  3.S,  carlion  monoxide.  9.0'  methane.  30.2; 
hydrogen.  51.0:  ami  nitrogen.  4.0. 
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Floral'  61. — Limits  of  Flammability  of  Coal  (.las  With  Various  Admixtures. 


Atmospheres  of  Air  and  Nitrogen  (Air  De¬ 
ficient  in  Oxygen  I  and  Air  and  Carbon  Di¬ 
oxide.— From  i!te  tlalrt  in  figure  it!  caKtilniit.il> 
may  l>»>  made  of  the  composition  of  the  atmos¬ 
phere  which,  in  a  small  burette,  is  just  inca¬ 
pable  of  formin';  a  Hummable  mixture  with  coal 
pis.  If  the  air  contains  less  than  It.'*  percent 
oxygen  it  cannot  form  a  Hummable  mixture 
with  eoai  pis;  if  the  oxygen  content  is  reduced 
by  the  addition  of  ei.rhon  dioxide,  then  when 
the  mixture  contains  more  than  >1  percent  enr- 
Ihui  dioxide,  and.  consequently,  less  than  14.4 
percent  oxygen  it  eannot  form  a  Hiimrnahle 
mixture  with  coal  gas.  These  results  are  in 
cl<»se  agreement  with  the  analytical  figures  of 
an  old  observation  (.'Cm.  These  conclusions 
may  he  fairly  representative  of  a  normal  '■onl 
pis,  hut  they  are  based  on  obscrvnt  ions  of  (lame 
traveling  downward  in  a  narrow  burette;  in 
wider  vessels,  especially  when  ignition  occurs 
near  the  lower  part  of  the  vessel,  the  oxvtren 
figures  would  doubtless  lie  several  percent  less. 

Atmospheres  of  Air  and  Water  Vapor.  The 
limits  of  mixtures  of  a  typical  coal  gas  ami  air 
standing  over  water  in  a  4.*>0-cc.  spherical  ves¬ 
sel.  and  ipiiltsl  near  the  water  surface,  have 
been  determined  at  various  temperatures.  As 
the  temperature  rises,  ami  consequent  I  v  the 
xvatcr-\ apor  content  also,  the  lower  limit  rises 
slowly  and  the  higher  limit  falls  rapidly,  as 
with  other  diluents.  When  about  12  percent 


of  water  vapor  is  present  the  limits  coincide  at 
about  S.4  percent  coni  gas  (StiS ) . 

Atmospheres  of  Air  and  Methyl  Bromide. — 
The  addition  of  increasing  amounts  ot  methyl 
bromide  to  the  air  causes  the  limits  of  r.  coal 
gas  iei)tu|M»sitiou  given  in  the  original)  to  ap¬ 
proach  and,  in  a  2-imh-diameter  tube,  to  meet 
when  1 1.0  percent  of  the  mixture  is  methyl 
bromide  (.IN’.  For  a  comment,  compare  the 
corresponding  paragraph  on  hydrogen  (p.  22). 

The  i  ini  it  s  of  coal  gas  in  mixtures  of  air  and 
methyl  bromide  have  been  calculated,  by  the 
iimthod  given  on  page  o,  from  the  limits  of 
its  components  in  air  and  in  mixtures  of  air 
and  methyl  bromide.  The  agreement  with  the 
experimental  results  is  good  for  lower  limits, 
moderately  so  for  higher  limits  {.iSl. 

Atmospheres  of  Oxygen  and  Carbon  Di¬ 
oxide.  The  limits  of  coal  gas  in  an  atmosphere 
composed  of  21  pen-cut  oxygen  and  79  percent 
carbon  dioxide,  in  u  4'>-cc.  hull)  with  side  igni¬ 
tion.  were  7.t>  and  2.V2  percent.  At  .400“  C. 
th*'  limits  were  9.4  and  IS. 2  percent.  The 
composition  of  the  gas  used  is  given  under  the 
heading  Coal  (las  in  Oxygen  (-Wt 

COAL  GAS  AND  METHANE 

Tiie  lower  limits  of  mixtures  of  coal  gas  and 
methane,  with  downward  propagation  of  (lame, 
can  be  calculated  fniiu  the  limits  of  coal  gas 
and  methane  separately  (#/#). 
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COAL  GAS  AND  WATER  GAS 

Figure  61  shows  tin*  limits  in  air  of  all  mix¬ 
tures  of  a  typical  coal  gas  and  a  water  gas,  with 
downward  propagation  of  flame  in  a  Bunte 
burette  (60).  The  abscissas  represent  the  com¬ 
position  of  the  gas  in  terms  of  its  calorific  value. 
The  addition  of  water  gas  to  coal  gas  widens 
the  range  of  flammability  and  consequently  in¬ 
creases  the  chance  of  an  explosion.  With  up¬ 
ward  propagation  of  flame  the  range  would 
doubtless  be  wider  at  each  limit  by  several 
perceut. 


MINE-FIRE  GASES  AND  GASES  FROM  MINE 
EXPLOSIONS 

Although  mine-lire  gases  and  atmospheres 
after  explosions  vary  greatly  in  composition 
their  limits  of  flammability  may  be  calculated 
with  approximate  accuracy  by  the  method  given 
oit  page  5.  Examples  (166)  are  g  veil  in  table 
40. 

If  the  atmospheres  contain  methane  and 
negligible  quantities  of  hydrogen  and  carbon 
monoxide,  approximate  limits  can  be  obtained 
from  figure  T1  (p.  47). 


Table  10.-  Typical  samples  of  mine-fire  atmospheres  in  coal  mines 
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AUTOMOBILE  EXHAUST  GAS 

The  usual  adjustment  of  an  automobile  car¬ 
buretor  gives  an  airfuci  ratio  of  about  12.5:1 
bv  weight,  and  the  exhaust  is  -louflammahlr. 
if,  however,  the  airtfuel  ratio  is  reduced  below 
about  11.7:1  the  exhaust  is  flammable,  and 
there  is  danger  of  an  explosion  as  well  as  of 
carbon  monoxide  poisoning  when  the  engine 
is  run  in  a  poorly  ventilated  place.  The  limits 
of  flammability  of  the  exhaust  gas  may  be  cal¬ 
culated  with  approximate  accuracy  by  the 
method  given  on  page  5  (161,  166). 

BLAST-FURNACE  GAS 

The  limbs  of  two  typical  blast-furnace  gases, 
with  upward  pmpnguti«u  of  flame  in  a  glass 
tube  2  inches  in  'iameter  and  6  feet  in  length, 
open  at  the  firing  end,  were  66  and  72  percent 
and  65  and  76.5  percent.  These  figures  agree 
approximately  with  those  calculated  from  the 
quantities  and  limits  of  the  com  potent  gases 
by  the  method  given  on  p.  5  (163). 

The  limits  of  a  blast -furnace  gas  in  a  closed 
tula1  6  inches  in  diameter  and  N';  inches  in 
length,  with  central  ignition,  are  45  and  65 
percent  (46k  In  a  Bunte  burette  the  limits 
were  65. S  and  71.9  percent  with  upward 


propagation  a. id  46.9  and  67.S  percent  with 
downward  propagate  ■  of  flame  (■.‘HU). 

The  composition  of  the  gases  used  in  tile 
preceding  experiments  w  as,  in  percent  Hires; 
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PRODUCER  GAS 

The  limits  of  producer  gas  in  n  Bunte 
burette  were  65.5  Mild  MM)  percent  with  up¬ 
ward  propagation  of  flame  and  46.6  and  76.5 
percent  with  downward  propagation  (jntt). 

The  limits  of  another  sample  of  producer  gas 
were  20.7  and  76.7  percent  in  a  small  bulb  com¬ 
pared  with  20.2  and  7! .X  percent  calculated  by 
the  method  given  on  page  5  but  based  on  limits 
of  the  individual  gases  in  larger  apparatus 
<0K7).  A  sample  of  nearly  (In'  same  composi¬ 
tion.  tested  al  a  laierdaie  in  i>  -annlnr  apparatus, 
gave  Minijur  figures:  I •  and  72.5  p-reeiit 
y.n’M. 
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LIMITS  OF  FLAMMABILITY  OF  OASES  AND  VAPORS 


The  limits  of  ft  “theoretical  producer  gas," 
with  downward  propagation  of  flame  in  a 
Bunte  burette,  were  39.8  ami  G9.6  percent 
(270). 

The  compositions  of  the  various  samples  of 
produce^  gas  used  were: 


Reference . j  (MS)  j  (SS7)  (MM  xf70) 

Carbon  dioxide.. . . !  2.8  6.2  6.0  . 

Oxygen .  . . . . -  0  . 

Hydrogen.  . . . . 1  4  6  12.4  14  6  . 

Carbon  monoxide. . . . .  30. 0  27. 3  27.  0  34. 9 

Methane.. . .  .7  Truer  - 

Nitrogen..  61.7  53.4  51.8  .  65.1 


The  very  marked  differences  in  the  lower 
limits  are  partly  due  to  the  differences  in 
experimental  methods,  but  mainly  to  the 
variation  of  hydrogen  content  between  the 
samples. 

PRODUCER  GAS  IN  OTHER  ATMOSPHERES 

Atmospheres  of  Air  or.d  Wat cr  Vap^x . — The 
limits  of  mixtures  of  producer  gas  (composition 
given  in  previous  table  under  reference  06S) 
and  air,  standing  over  water  in  a  3,'>0-r<\  spher¬ 
ical  vessel  and  ignited  near  tlie  water  surface, 
have  been  determined  at  various  temperatures. 
As  the  temperature  rises,  and  consequently  the 
water-vapor  content  also,  the  lower  limit  rises 
slowly  and  the  higher  limit  falls  rapidly. 
When  about  43  percent  of  water  vapor  is 
present  the  limits  coincide  at  about  27  percent 
of  producer  gas  (36S). 

/— t  ■  *■* 

UrtO 

Idle  limits  of  a  gas  of  unspecified  composition, 
perhaps  in  a  eudiometer  tube,  are  given  as  (’> 
ami  13.4  percent  (120). 

OIL  GAS  AND  ACETYLENE 

The  limits  of  a  mixture  of  75  percent  o*l  gas 
and  25  percent  acetylene  in  air,  oh-’erved  per¬ 
haps  in  a  eudiometer  tube,  are  given  as  4  and 
15.5  percent  (120''. 

VARIOUS  FUEL  GASES 

The  limits  of  “e.xplosibility "  of  various  fuel 
gases  in  air  were  determined  in  a  tube  4  cm. 
in  diameter  and  79.fi  cm.  in  length,  cue  end 
being  permanently  closed  ami  the  other  sealed 
with  a  diaphragm  of  varnished  paper.  Ignition 
was  obtained  t>v  a  coil  of  iron  wire  that  was 
caused  to  glow  bv  a  10-  to  15-smpcrc  currem. 
The  results  were  (102): 
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COKE-OVEN  GAS  AND  AMMONIA 

The  limits  of  some  mixtures  of  coke-oven  gas 
and  ammonia  were  found  to  be  nearly  in  ac¬ 
cordance  with  Le  Chatelior’s  law;  but  the 
mixture  used  as  synthesis  gas  for  the  production 
of  HCN  had  a  somewhat  greater  higher  limit 
than  the  calculated  figure  ( 2S0 ). 

ETHYLENE  AND  (1)  ETHYLENE  DICHLORIDE, 
(2)  ETHYLENE  DIBROMIDE,  (3)  n-3UTYL 
BROMIDE 

The  limits  of  these  pairs  of  mixtures  in  air, 
for  downward  propagation  of  flame  in  a  tube 
l.ti  cm  in  diameter,  have  been  determined 
(217). 

SOME  HYDROCARBONS:  ETHER;  ETHYL 
CHLORIDE  AND  BROMIDE;  DIETHYL  SELE- 
NIDE;  TIN  TETRAMETHYL;  LEAD  TETRA- 
METHYL 

Limits  of  the  following  pairs  of  mixtures, 
in  various  proportions,  have  been  determined 
with  downward  propagation  of  flame  in  a  tube 
5  cm.  v  ine  a  d  fin  cm.  long:  Methyl  cyclo¬ 
hexane  and  ethyl  chloride  1246);  “hydro¬ 
carbon”  (isoheptane  and  dimethyl  cyclohexane) 
and  ethyl  bromide  (246);  “hydrocarbon"  (iso- 
lieptane  ami  dimethyl  cvclopoiitano)  am!  diethyl 
selenide,  also  with  tin  totrnmetliyl  and  lead 
tetramethvl  (247);  ethyl  ether  and  ethyl 
bromide  (2.}6);  ethyl  ether  and  methyl  iodide 
(2/0);  ethyl  ether  and  tin  tetramethvl  (£{7); 
and  ethyl  ether  ami  lead  tet Dimethyl  (247  i. 
The  results  are  of  the  general  type  shown  in 
figure  4  (p.  13)  iiul  were  interpreted  similarly. 

CYCLOHEXANE,-  BENZENE;  ETHYL  ALCOHOL 

The  lower  limits  of  mixtures  of  cyclohexane, 
U'lizeiie,  and  ulivl  alcohol  (in  pairs  or  together) 
agree  fairly  well  with  l>o  (Tiatelier  s  Taw  at 
tonijkratures  of  100°  to  250°  C.  (21,  23). 
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TOLUENE;  ETHYL  ALCOHOL;  ETHYL 
ACETATE 

Tile  lower  limbs  of  mixtures  of  toluene, 
ethyl  alcohol,  and  ethyl  acetate  (in  pairs  or 
together),  with  upward  propagation  of  flame 
in  a  closed  tube  10.2  cm.  in  diameter  and  90 
cm.  in  length,  agree  fairly  well  with  the  figures 
calculated  by  Le  Chatelicr’s  law  (139). 

Influence  of  Temperature. — Under  the  same 
conditions,  the  lower  limit  of  a  mixture  contain¬ 
ing  .‘19  percent  toluene.  0  percent  ethyl  alcohol, 
and  55  percent  ethyl  acetate  fell  from  1.70  per¬ 
cent  at  24°  C.  to  1.44  percent  at  200°  (139). 

METHYL  CYCLOHEXANE;  ALCOHOL;  ETHER 

The  lower  limits  of  mixtures  of  methyl 
cyclohexnne.  ethyl  alcohol,  and  ethyl  ether, 
in  pairs  and  together,  have  been  determined 
with  downward  propagation  of  flame  in  a  tube 
5  cm.  in  diameter  ami  70  cm.  in  length.  The 
results  agree  with  those  calculated  by  Le 
Chatelier's  law  (319). 

GASOLINE;  ALCOHOLS;  ETHER 

Series  of  observations  with  ethyl  nleohol- 
gasoline-nir  and  ethyl  alcohol-gasoline-ether- 
air  mixtures  in  a  2,300-oc.  vessel  at  50°  and 
90°  C.  showed  fair  agreement  with  Le 
Chatelier's  law.  The  results,  expressed  in 
cubic  centimeters  of  liquid  vaporized  in  1,000 
ee.  of  air,  are  probably  too  high  throughout, 
as  the  result  for  pure  alcohol  was  undoubtedly 
too  high  (30). 

In  the  same  apparatus  the  limits  of  isopropyl 
alcohol-gasoline  mixtures  nearly  •dvj.cd  Le 
Chatelier's  law  (331). 

BENZENE  AND  TOLUENE 

The  lower  and  higher  limits  of  mixtures  of 
benzene  and  toluene  in  air  in  a  closed  tube 
5  cm.  in  diameter  and  lf>()  era.  in  length,  with 
upward,  horizontal,  and  downward  propagation 
of  flame,  agreed  closely  with  the  values  cal¬ 
culated  by  Le  Chatelier’s  formula  (353). 

BENZENE  AND  ETHYL  ALCOHOL 

The  lower  limits  of  mixtures  of  benzene 
and  ethyl  alcohol  in  nir,  with  upward  propaga¬ 
tion  of  flame  m  a  tube  5  cm.  in  diameter  and 
Inti  cm.  in  length,  open  at  the  firing  end, 
deviate  somewhat  from  the  values  calculated  by 
lx'  Chatelier's  formula  (l(!/t). 

Influence  of  Temperature. —The  lower  limits 
of  mixtures  of  benzene  ami  ethyl  alcohol  agree 
fairly  well  with  lx1  Chatelier's  law  at  tempera¬ 
tures  from  100'  to  2.70°  C.  (31 ,  23). 


BENZOLE;  METHYL  ALCOHOL;  ETHYL  AL¬ 
COHOL;  BENZOLE;  ETHYL  ALCOHOL; 
"ESSENCE  TOUPiSME" 

Curves  A  and  B  in  figure  02  show  the  lower 
limits  of  these  mixtures,  respectively,  with 
downward  propagation  of  flame  in  a  2)Llitor 
bottle  at  various  temperatures  (SCO).  The  ab¬ 
scissas  represent  cubic  centimeters  of  liquid 
vaporized  per  liter  of  gaseous  mixture  at  the 
temperatures  of  the  experiments.  From  the 
density  of  the  liquid  mixtures  it  would  be  possi¬ 
ble  to  calculate  the  volumetric  composition  in 
the  gaseous  state.  The  curves  for  limits  drawn 
from  the  calculated  figures  would  he  more  nearly 
vertical;  that  is,  the  lower  limit  would  be  less 
affected  by  change  of  temperature  than  the 
curves  might  suggest  at  first  sight.  These 
nines  help  to  explain  why  it  is  more  difficult 
to  start  a  cold  internal-combustion  engine  when 
the  fuel  is  mainly  alcoholic  than  when  it  is 
mainly  a  light  hydrocarbon  mixture. 

The  benzole  used  ia  the  above  experiments 
distilled  between  78°  and  110°  C.  (86  percent 
below  90°) ;  67  percent  was  benzene.  The  es¬ 
sence  distilled  between  58°  and  179°  C.;  92.35 
pet  cent  was  saturated  hydrocarbons  and  the 
remainder  aromatic  hydrocarbons. 

The  lower  limits  of  a  mixture  of  benzene, 
methyl  alcohol,  and  ethyl  alcohol  at  100°  to 
250°  C.,  with  downward  propagation  of  flame 
in  a  2, '-liter  bottle,  agreed  with  the  limits  cal¬ 
culated  by  Le  Chatelier’s  law  within  11  per¬ 
cent  (21). 

The  lower  limits  (expressed  as  cubic  centi¬ 
meters  of  liquid  evaporated  in  100  liteis  of  the 
•cixtiiu'i  oi  various  French  gasolines  and  mix¬ 
tures,  with  downward  propagation  of  flame  in 
a  2f:-lite'-  bottle  (21),  are  given  in  table  41. 

METHYL  ALCOHOL  AND  ETHYL  ALCOHOL 

I/iwer  nnd  higher  iin.it s  of  mixtures  of  methyl 
and  ethyl  alcohol  in  air.  with  downward  propa¬ 
gation  of  flame  in  a  2-Iiler  cylinder  at  75°  C., 
agreed  with  the  values  calculated  by  Le  CJinte- 
licr's  formula  (230) ;  however,  all  the  values  are 
prohnidv  too  high.  Another  observer  (3(15) 
found  that  the  lower  limits  of  a  50:50  mixture 
of  the  two  alcohols  were  0.7  to  0.3  less  than 
those  calculated  over  the  range  50°  to  250°  C. 
under  similar  conditions. 

Influence  of  Water.— The  lower  limits  of  mix¬ 
tures  of  water  nnd  the  two  alcohols  rise  steadily 
as  the  quantity  of  water  increases  from  0  to  60 
percent  by  weight,  but  the  quantity  of  tip* 
mixed  alcohols  is  •ipnro.ximiHoly  constant  in  the 
limit  mixture.  With  SO  percent  of  water  it  was 
difficult  to  inflame  any  mixture  of  the  vaporized 
liquid  and  air  nt  105°  and  with  K5  percent 
inflammation  was  virtually  impossible  (230). 
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Table  41.— Lower  I im its.  of  curious  French  gasolines  and  mixtures 

---  - 

!  Gasoline,  “Toiirismo”  gasoline 


Gasoline  ami  benzole  mixtures 


Aviation  (  Gasoline, 
gasoline,  ,  , 

ethylated  ah'ojol, 


“Azur” 


ture.  0  0. 

Proportions _ 

IS* 

d  1°  '  ' 

Octane  no . 

80  ;  20 

0.  750 

73 

00  :  40  40  :  60 

0.  779  :  0.  800 

82  |  93 

_ 

0,  725 

80 

0,  738 

91 

0.  74 1 

78.  5 

0.  750 

80 

100 _ 

4.  35 

i 

4.  15  3,  95 

4.  55 

4.  85 

4.  55 

4.  00 

150 _ 

3.  55 

3.  45  |  3.  35 

3,  80 

1  15 

3.  70 

3.  80 

200 _ 

3.  00 

2.  95  2.  75 

3,  15 

3.  50 

3.  00 

3.  '5 

250 _ 

2.  55 

2.  40  1  2.  25 

1 

2,  55 

2.  75 

2.  50 

2.  55 
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Influence  of  Temperature.- — Curve  C  (fig.  02) 
shows  the  influence  of  temperature  on  the  lower 
limit  of  a  mixture  of  equal  parts  (presumably 
by  weight)  of  methyl  and  ethyl  alcohols  (366). 
'fhe  curve  would  be  less  steep  if  the  results  were 
based  on  abscissas  representing  the  volumetric 
composition  of  the  gas  mixture. 

METHYL  ALCOHOL  AND  ETHER;  METHYL 
ALCOHOL  AND  ACETONE;  ETHYL  ACE¬ 
TATE  AND  BENZENE;  ACETALDEHYDE  AND 
TOLUENE;  ETHYL  NITRITE  AND  ETHER 

The  lower  limits  of  methyl  alcohol-ether, 
methyl  alcohol-acetone,  ethyl  acetate-benzene, 
acetaldehyde-toluene,  and  ethyl  nitrite-ether 
mixtures  in  air  were  determined  in  closed  tubes 
5  cm.  in  diameter  and  150  cm.  in  length.  The 
results  agreed  closely  with  Le  Chateher’s  law. 
No  figures  are  quoted  in  the  original  communi¬ 
cation  (355). 

For  mixtures  of  methyl  alcohol,  acetone,  and 
air  the  law  has  been  shown  to  apply  to  higher 
as  well  as  lower  limits  by  experiments  in  a 


closed  2-liter  spherical  flask  with  ignition  in  the 
lower  part  of  the  flask  (76). 

ETHYL  ALCOHOL  AND  ETHER;  ACETONE 
AND  ETHER 

The  lover  limits  of  ethyl  alcohol-ether-air 
and  peelone-ether-ftir  mixtures  in  closed  tubes 
5  cm.  in  diameter  and  150  cm.  in  length  agreed 
well  with  the  values  calculated  hv  Le  ( 'hatcher's 
formula  with  upward,  horizontal,  and  down¬ 
ward  propagation  of  flume.  The  higher  limits 
agreed  closely  with  downward  propagation,  but 
with  upward  or  horizontal  propagation  they 
differed  greatly  from  the  calculated  values; 
these  differences  are  ascribed  to  the  irregular 
intervention  of  the  “cool  flame”  of  other. 
Details  of  the  results  are  given  in  the  original 
references  (319,  355,  361). 

Large-scale  experiments  have  been  made  with 
a  mixture  of  ethyl  alcohol  and  ether  in  the 
proportion  of  1  :  3  by  weight,  vaporized  into 
air  and  into  mixtures  of  air  with  carbon  dioxide 
and  with  nitrogen.  The  experimental  vessel 
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was  a  sort  ion,  3.8  motors  in  length,  at  the  end 
of  ft  horizontal  tubular  steel  gallery  20  meters 
in  length  and  1 .08  meters  in  diameter.  Various 
types  of  ignition  were  employed,  nil  at  the 
center  of  the  experimental  section.  One  end 
of  the  section  (the  end  of  the  gallery)  was 
closed  petiuanentiv ;  the  other  was  closed  hy  a 
paper  diaphragm.  The  nature  of  an  ignition 
was  judged  hv  the  sound,  appearance  of  (lame, 
hurst  ing  and  burning  of  the  paper  diaphragm, 
rossuro  recorded  on  a  manometer,  and  :«!dc- 
ydie  odot  that  was  sometimes  devei  >ped. 

The  nature  of  the  results  jecorded  when  gun¬ 
cotton  was  used  as  the  sour  e  of  ignition  •  the 
vapor  in  mixtures  of  air  and  earhou  dinxidi  is 
shown  in  figure  f>3.  When  nitrogen  was  used 
in  place  of  carbon  dioxide,  the  limit  cvve  was 
loss  steep  and  met  the  axis  at  about  3S  percent 
nitrogen.  With  other  means  of  ignition  (ful¬ 
minate,  induction-coil  spark,  ami  fusion  of  a 
tungsten  filament)  the  limits  for  weak  combus¬ 
tions  differed  considerably  from  those  in  the 
figure.  It  is  evident  that,  in  spite  of  the  large 
volumes  of  mixture  used,  the  limits  for  solf- 

ftropagntion  of  flame  were  not  obtained,  doulu- 
ess  because  the  local  effects  of  tin*  igniters  ennui 
not  he  distinguished,  by  any  available  means, 
from  self-propagating  inflammation.  Howev .  r, 
as  a  general  description  of  the  phenomena  in 
relation  to  the  experimental  conditions,  the 
results  are  of  value  ( '/>}. 

The  lower  limit  of  a  1  :  2  mixture  of  ethyl 
alcohol  and  ethyl  "t!  'T,  with  horizon'al  propa¬ 
gation  irf  (lame  throughout  a  pipeline  about 
HV)  meters  in  length  and  45  cm.  in  diameter, 
is  43  grams  per  cubic  meter 

ALCOHOL,  CHLOROFORM,  AND  ETHER 

The  mixture  of  alcohol  chloroform,  and 
ether  commonly  used  to  induce  anesthesia  gives 
vapo's  that  form  explosive  mixtures  with 
suitable  proportions  of  air  {>>0). 

ETHYL  ALCOHOL  AND  FURFURAL 

The  lower  bun's  of  two  mixtures  (3  :  1  ami 
1  :  3)  of  ethyl  ahohoi  and  furfural  in  air.  with 
upward  piopagation  of  flame  in  a  tube  5  cm  in 
diameter  and  150  cm.  in  length,  open  at  the 
firing  end,  deviate  somewhat  fiom  the  values 
cabmlfi?  a!  by  i *e  ('hatcher's  formula  {164). 

ETHYL  ALCOHOL  AND  ACETONE 

The  lower  limit  of  a  4  :  1  mixture  of  ethyl 
alcohol  and  acetone  in  air,  with  upward  propa¬ 
gation  of  flame  in  a  tube  5  cm.  in  diameter  and 
150  cm.  in  length,  open  at  the  firing  end,  was 
nearly  in  agreement  with  the  value  calculated 
by  Lo  ('haulier's  formula  (164). 


ETHER  AND  ACETAI DEHYDE 

The  lower  limits  of  mixtures  of  ether  and 
aeet aldehyde  in  air  in  closed  tubes  5  cm.  in 
diameter  and  150  cm.  in  length  showed  good 
agreement  with  the  values  calculated  by  Lc 
( 'hatcher's  formula,  with  upward  and  down¬ 
ward  propagation  of  flame;  also  the  higher 
liiuiis,  with  downward  propagation.  The 
higher  limits  with  upward  propagation  are 
definitely  loi.ei'  than  those  calculated.  Both 
ether  and  acetaldehyde  give  rise  to  “cool 
flames’'  in  the  richer  mixtures,  and  the  higher 
limits  reported  are  those  of  the  “cool  flames.” 
The  propagation  of  the  “cool  flame"  bv  either 
constituent  is  not  assisted  by  that  of  the  other 
to  the  extent  that  an  additive  law  would  indicate 
I . 

ACETONE  AND  METHYL  ETHYL  KETONE 

Observations  with  mixtures  of  acetone  and 
methyl  ethyl  ketone  in  air  in  closed  tubes  5 
cm.  in  diameter  and  150  cm.  in  length  showed 
close  agreement  with  the  values  calculated  hv 
Le  (’batcher's  formula  for  both  limits,  with 
horizon  a!  and  downward  propagation  of  flame. 
With  upward  propagation,  the  lower  limits  were 
slightly  higher  than  (hose  calculated;  the 
higher  limits  were  several  tenths  of  1  percent 
higher  than  'hose  calculated  pM/i). 

PARAFFIN-HYDROCARBON  HALIDES 

The  limits  of  the  following  mixtures  Inn  e  been 
determined  in  nir  in  a  21. -liter  hell  jar,  with 
electric-spark  ignition:  Methyl  chloride  and 
ethyl  chloride,  methyl  chloride  and  methyl 
bromide,  and  methyl  bromide  and  ethyl  chlo¬ 
ride.  All  mixtures  of  each  pair  are  capable  of 
violent  explosion  when  mixed  with  appropriate 
amounts  of  air.  The  ohscived  limits  difiVr  up- 

fircciablv  frot  -  those  calculated  by  la-  ('hate- 
ier’s  formal'  {M3). 

SOME  MIXED  SOLVENTS  FOR  LACQUERS 

rable  42  gives  lower  limits,  in  grams  per 
liter,  of  mixtures  of  hydrocarbons,  esters  (active 
nitrocellulose  solvents),  and  alcohols.  The 
limits  were  determined  with  upward  propaga¬ 
tion  of  flame  in  a  dosed  tube  25  cm.  in  length 
and  2.5  cm.  in  diameter,  with  central  igrvtion 

MISCELLANEOUS  MIXTURES  CONTAINING 
FLAMMABLE  GASES 

Table  43  includes  mixtures  not  mentioned 
dsewhvre  in  this  bulletin  and  containing  various 
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proportions  of  flammable  constituents.  Their 
compositions  arc  stated,  together  with  the 
results  of  calculations  (p.  5)  which  show 


whether  they  can  form  flammable  mixtures 
with  air.  and  if  so  in  what  proportions  the  mix¬ 
tures  are  flammable  (1J7). 


Tahi.k  42. — Com  position  and  limits  oj  mixed  sol  trots 
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Taiu.k  -hi. — Composition  and  limits  of  flammability  of  miscelhr.eous  gases 


t  'opposition.  |>crccnt 


Sam¬ 

ple 


Type 


Limits  of 
tlammaliility, 
percent 


CO. 

<  ,H, 

0, 

lb 

CO 

HI, 

C,!l, 

X. 

Lower  Hitcher 

t 

. 

Soil  eas 

to.  0 

0  3 

1.  0 

ft  2 

0 

a  2 

0 

78.  7 

•  (>> 

O 

w 

.lit 

9  0 

0 

5.  9 

0 

0 

.  2 

0 

1  84.  3 

■  t"  i 

(» 

3 

tio 

0.  s 

.  i 

ti.  0 

0 

0 

10  5 

0 

70.  0 

49  0  1 

55  0 

4 

Soil -f  natural  tut* 

8  0 

•> 

5.  9 

0 

0 

I  S.  4 

5,  0 

02.  5 

20.  0 

39.  0 

5 

<lo. . 

.  0 

0  * 

ti.  7 

0 

0 

52.  5 

12  ! 

28  1 

7.0  j 

22.  0 

0 

Si'ivaue  «a-. 

25  2 

0 

1 

1) 

0 

tie  S 

0 

ti  9 

7.  5  j 

19.  0 

7 

Kermentalitm  ua-e  cellulose 

79  1 

0 

0 

ti  2 

0 

14.  7 

0 

0 

20.  5  I 

a8  5 

S 

Ferttiettlalion  i!H<.  Krait. 

tio.  4 

0 

0 

32  5 

0 

1 

0 

!  2  0 

13.  0  i 

60  0 

9 

liases  from  heated  insulation 

1.  9 

17  4 

0 

28  5 

2.  2 

45  3 

.  3 

1  4  4 

4.  5  ( 

21.  5 

10 

liases  from  hurnini:  wool 

0.  4 

ti 

9  4 

0 

a  5 

.  3 

0 

79.  S 

i  (i)  1 

(') 

11 

tia-es  from  Imnooi,  ps|M-r 

7  ti 

1.  2 

7.  7 

0 

0.  2 

0 

0 

77.  3 

to  i 

m 

12 

Soil  •  eoa!  aas 

3  0 

1  2 

12.  2 

7.  1 

I.  4 

II.  s 

2.  2 

58.  1 

18  0  l 

00.  5 

13 

(I#s'<  from  explosive-.  TNT 

ti  4 

(t 

0 

20. 

53.  2 

o 

0 

ia  3 

9.  5 

72  0 

11 

tlo 

i.  5 

0 

0 

19.  9 

00.  7 

2  3 

0 

15.  0 

10.  0 

07.  0 

*  Nt  nflAinmal'V. 


PART  V.  SUMMARY  OF  LIMITS  OF  FLAMMABILITY 


Tables  44  and  45  contain  selected  values  for 
the  limits  of  flammability  of  single  gases  and 
vapors  and  of  some  industrial  mixtures  in  air 
and  in  oxygen  at  ordinary  temperatures  and 
pressures.  Table  40  contains  selected  limits 
in  nitrous  and  nitric  oxides 

The  last  two  columns  of  tables  44  and  45 
give  the  oxygen  percentage,  in  mixtures  of 
flammable  gas  (or  vapor)  and  air  with  (<i) 
nitrogen  and  ib)  carbon  dioxide,  below  which 
no  mixture  is  flammable. 

The  values  in  boldface  observed  with  upward 
propagation  of  flame  in  large  vessels,  open  at  their 
lower  ends,  are  chosen  as  those  most  useful  for 
reasons  given  earlier.  The  other  figures  represent 
experiments  with  mixtures  contained  in  closed 
or  small  vessels;  they  are  therefore  not  appli¬ 
cable  with  certainty  to  conditions  in  which 
normal  pressure  is  maintained  during  the 
passage  of  flame.  Reference  to  the  text  will 
define  more  exactly  the  conditions  of  observa¬ 
tion. 

Many  of  the  higher  limits,  and  a  few  of  the 


lower  limits,  of  the  vapors  of  liquids  could  only 
be  determined  by  raising  the  temperature 
sufficiently  to  raise  the  vapor  pressure  to  the 
extent  necessary  to  reach  the  limit  composition. 
The  limit  given,  therefore,  applies  to  the  experi¬ 
mental  temperature,  which  is  quoted  in  the 
text  if  it  is  stated  in  the  original  source  of  the 
information. 

Further  information  about  the  limits  of 
gases  and  vapors  will  be  found  in  the  text ;  the 
data  are  not  suitable  for  inclusion  in  the  tables 
but  may  be  useful  if  the  conditions  of  determina¬ 
tion  are  kept  in  mind. 

Information  on  limits  in  other  atmospheres 
and  on  the  influence  of  pressure  and  tempera¬ 
ture  ami  the  effect  of  turbulence  will  also  he 
found  in  the  text. 

Tim  limit  figures  in  fable  45  apply  only  to 
particular  samples;  analytical  data  will  he 
found  in  the  text.  IJ\  the  use  of  Le  Chateiier’s 
law  the  limits  of  similar  mixtures  can  he 
calculated. 


Table  44.--Sum»narj/  of  limits  of  flammability  of  indiridual  gases  and  lapors  in  air  and  in  oxygen 


Gu  or  vapor 


Higher 


Limits  in  oxygen,  percent 


Higher 


Oxygen  per¬ 
centage  hclow 
which  no 
mixture  is 
flammable 


Nitro¬ 
gen  as 
diluent 
of  air 


CarUm 
dioxide 
as  dilu¬ 
ent 


INORGANIC 


Hvdrogen . 

4.0 

4.  0  i 

75 

75  . 

4.  0  >4 

Deuterium..  ....... 

5 

75 

5 

95 

Ammonia . 

15 

2H 

15 

79 

Hydraxinc . 

4.  7 

100 

Hydrogen  sulfide 

4  3 

45  . 

Hydrogen  evanide . 

6 

41 

Cyanogen . 

_ 

6 

32 

Carbon  disulfide. .  ... 

1  .26 

44 

50 

Carbon  oxvsulfide 

12 

29 

Carbon  monoxide 

.  ...  12. K 

74 

15.  5  1...  . 

94 

Chlorine  monoxide . 

23.  5  ' 

100  . 

I 

130 

o  \  n 
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Gas  or  vapor 


Limits  in  air,  percent 


Higher 


Limits  in  oxygen,  percent 


Higher 


HVDKOl' ARSONS 

Met  hane . 

K  thane. . . . 

Propane .  . . 

Hu  lane..  . 

Isohutane _ 

Pentane.. 

Isopentane . 

2-2  Dimethyl  propane. 

Hexane . 

Dimethyl  butane 
2-Methy!  (Huitane 

Heptane _  .... 

2-3  Dimethyl  lamtane 

Octane 

Iso-octane 

Nonane 

Tct  ..methyl  (acitane. 
Diethyl  i<entane 
Decane 

Kthylene  . 

Propylene _  . 

Latv  lone 
Butene- 1 

Butene- 2 . 

Isobutylene 
b-n-Amylene 
Hutwdiene 
Acetylene. . 

Betuene. 

Toluene . 

o-Xylene 

Kthvl  bourne 

Styrene 

Butyl  l>cnici)c 

Naphthalene 

('veloptvpane 

Kthyl  cyrlobutane 

Kthvl  ryrloprntanc 

Cyclohexane 

Methyl  cyclohexane 

Kthvl  cvclohcxane 


i  Oxygen  per- 
I  rentage  below 
which  no 
1  mixture  is 
flammable 


!  Xitro-  j  Carbon 
gen  as!  ioxide 
diluent  !  as  dilu- 
of  air  !  ent 
i  of  air 


15  5. 1  . . 

Cl  .  12  1,  14. 6 

15  3.0  i . 

2.3  I _ 

CC  .  11.  0  11 4 

55  ...  11.4  14.3 

.  ..  1.8  I . . 

49  .  12.  1  ’  14.  5 

1.8  I  . 

48  ...  120!  14.  8 

I 

_ _  12.  1  |  14.4 

. i . . . 

...  . .  11.9  14.  5 

1“'  . 

32 

34  ; 

10  - . 1 

80  !... 

ia  o 

11.  7 

19.3  1 

11 

11!  .. ..! 

53  . 

_  11.  5  i 

14.  I 

i.« 

I 

0.3  i 

1.8  ' _ 

sii  Tl! 

_  n.  a 

14.  0 

9.7  i 

;; 

i.<  i . .  .1 

55  1. 

8.8  i 

i . '■ . 1 

. i. . ; .  . . 

ii.  r  i  1&9 


Methvl  alcohol. 

7.  3 

6  7 

36 

Kthvl  alcohol 

4.3 

3.  3 

19  ; 

a-Propvl  alcohol 

2  1 

12  5 

Ixooropvl  alcohol 

2  o  ;  . 

. .  12  j 

a-Butvl  alcohol . 

1.4  .. 

11.2 

Amvl  alcohol . 

12. 

Furturvl  alcohol . 

1.  8  . 

16  3 

Ail vl  alcohol  .  .  _ 

2  5 

18.  0 

Propvlene  glvcol . 

2  6 

. .  12  5  1 

Iwtivlenc  glvcol . 

.9 

_  2  2' 
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T\3LE  44. — Summary  of  limits  of  flammability  of  indiridtud  gusts  and  capors  in  air  and  in  orygrn- 

Cont  iimcnl 


Gas  or  vapor 


Intuits  in  air.  percent 


Higher 


Limits  in  oxygen,  |>erccnt 


Oxygen  ■  i-r- 
rontagc  oelow 
w  hich  no 
mixture  is 
flammable 


Nitro-  |  Carbon 
gen  as  i  dioxide 
Higher  diluent  ‘  as  dilu- 
of  air  i  ent 

of  air 


Methyl  ether. 

Ethyl  ether -  ... 

Ethyl  n-propvl  ether- 

isopropyl  ether . 

Vinyl  ether  — 
Ethylene  oxide. 
Propylene  oxide  ... 

Oioxane . 

Trioxane 

Acetal . . . 

Methyl  cellosolve.  . . 
Ethyl  cellosolve  - 
Butyl  cellosolve. 
Diethyl  peroxide 


3.4 

18 

27 

1.9 

1.  7 

4S 

1.9 

24 

1.4 

1.  3 

21 

1.  7 

27 

2S 

3.0 

3  6 

80 

10.) 

2.  1 

21.5 

2.  0 

22 

16  . 

20 

1.6 

_ 

10.4 

AI.PEHTnES 


Acetaldehvde. 


Butvraldehvde  . 

15 

Acrolein. .  .  . 

2.8 

31 

Croton  aldehvdc  . .  . 

2.  1 

1.x  5 

Furfural.. . . . 

2.  1 

KfcrONKS 

Acetone 

VO 

2.  3 

11 

13 

Methvl  ethvl  ketone 

1.  S 

10 

Melhvl  propvl  ketone. 

1.  5 

s 

Methvl  butvl  ketone. 

1.  3 

£ 

Methvl  isobutyl  ketone 

1.  4 

1.  »> 

Cyclohexanone . 

1.  1 

Isophorone . 

.  8 

3  8 

acid;  ANim*nn»i:s 

Acetic  acid 

.V  4 

Acetic  anhvdndc 

2.  7 

10 

Phthaltc  anhydride 

1  7 

iu  5 

Methvl  formate. 

5.9 

.VO 

20 

23 

Eti.vl  formate  . . .  . 

2.7 

tl  5 

16  4 

lint vl  formate 

1  7 

K 

Methvl  acetate. . 

3  1 

16 

Ethvl  acetate 

2.5 

2.  2 

9 

II 

Vinylacetate 

2.6 

114 

Propvl  acetate 

2.0 

1.  8 

8 

Isopropvl  acetate 

!  S 

8 

Butvl  acetate.  .  . 

1.7 

1  1 

7.  6 

Amvl  acetate. 

1.  1 

Methvl  cellosolve  acetate. 

1.  7 

8  2 

Methvl  propionate . 

2.  <5  . 

13 

1.85 

11 

Mrthvj  liciatc  .  . . 

2  2 

Ethvl  lactate 

1.  5 

Ethvl  nitrate . 

4.0 

Ethyl  nitrite 

4.  1 

3  r 

13.  5  13.  6 
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Table  44.- -Summary  of  units  of  flammability  oj  individual  gases  and  vapors  in  air  and  in  orygen — 

Continued 


Gas  or  vapor 

Limits  in  air,  percent 

i 

i 

! 

|  Limits  in  oxygen,  percent 

i 

Oxygen  per¬ 
centage  below 
which  no 
mixture  is 
flammable 

1 

Lower  Higher 

i 

! 

i 

Lower  Higher 

Nitro¬ 
gen  as 
diluent 
of  air 

Carbon 
dioxide 
as  dilu¬ 
ent 
of  air 

_  ;  !  1  i 

Oresoi .  ....  .  I.  I 


AMINES  and  I  MINKS 

Methvlamine. .  _ _  . 

Diniethvlamine.- . 

Triuiethylatuine  ... 

Kthvlaniino  ... 

4.9 

.  2.8 
2.0 
15 

1 

I 

20.7 
14.4 
11.6  : 
14.0  ; 

i 

i 

. 

. ; 

Dicthvlamine. _ 

1.8 

10.  1  | 

Tnethvlamine.- . 

1.2 

8.  0 

Propvlanune.  _  . 

2.0 

10.4  ! 

»-Hutvl  amine _ 

1.7 

9.8 

Allvlamiiie.  ..  _  .. 

2.2 

22 

Klhvlene  inline _  _ 

3.0 

46 

OTHKR  NIT  ROCK  \  COM- 

* 

| 

; 

■ 

WINDS 

Acr  loniiriie  .  . ... 

10 

17 

IVridine . . . 

1  8 

12.  4 

Nicotine . 

4.0 

HA  LOCKS  DKRIVaTIVKS 

1 

Methvl  chloride _  . 

10.7 

7.  o 

17.4 

19 

8  i 

06 

Met  In !  bromide _ 

11  5 

14.  5 

14 

19 

Mflhrlenc  chloride . 

15.5 

66 

Lthvl  chloride _ 

18 

15.  4 

4.0 

67 

Klhvl  bromide 

n.  7 

11.  3 

6.7 

44 

Klhvlene  dichloride _ 

12 

16 

Yinvl  rhloride . 

4.0 

22 

4.0 

70 

Dichloroethvlene  ... 

9.7 

118 

10 

26 

Trichl*>nv»ihvh'n«v . 

10 

65 

Klhvlene  rhlorohvdrin 

4  b 

15.  9 

I'n'pvl  chloride. . . 

2.  t; 

II  1 

I’wpvlew  dichloride 

a  4 

14  3 

AIIW  chloride _ 

13 

II.  1 

Allvl  bromide . 

4.  4 

7.  3 

2-t  hlnmpmpene  . . 

4.5 

16.0 

4.5 

54 

n-ltutvl  chloride . 

1  s 

10.  1 

ImiIhiivI  rhloride 

2  0 

S  8 

Hun  I  bromide 

1  2 

:>  « 

t  'hlorobiilene 

* 

9.3 

!-M»rn»lv»  chlcnifr.. .  . 

r.  5 

19 

4.2 

«« 

ls4»orolvl  tmmmlr.  . . 

XI 

12 

6.  4 

50 

n-.Xiuvi  rhlori'rir  . 

1.  « 

K  t> 

Irrt  •  tmvl  ebloride 

1  5 

7.  4 

< ’hlnn»lvMirnD . 

1.  3 

1 

7.  i 

Ihchioroheniene  . 

2.  2 

. 1 

9  2 

Vl^CKIXANKOC? 

Diintlhv] 

Z  2 

19.7 

Klhvl  mercaptan 

2.  8 

18.9 

?>irthvi  selenitic  . 

2.  5 

I>imeihvldiehlor»e.;iaiie 

1  4 

Mellivliriehlon»silatic 

7.6 

Tin  Irlramelhvi  .  . 

1  9 

lead  letrameihvl 

1  8 

10 
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Table  45 — Approximate  limits  of  flammability  of  some  complex  industrial  mixtures  of  gases  and 

vapors  in  air  and  in  oxygen 


Water  gas 
Carbureted  water  gas 
Pittsburgh  natural  gas 


vapor 

| 

!  Limits  in  air,  percent 

1 

i 

Limits  in  oxygen,  percent 

Oxygen  percentage  Ijc- 
|  low  which  no  mix- 
1  ture  is  ttammablc 

1 

! 

Lower  j  Higher 

Lower 

1 

Higher 

i 

j  i 

|  Nitrogen  ,  Carbon  di- 
1  as  diluent  oxide  a:  tlil- 
i  of  air  uent  of  air 

.  7.0  . .  72  ! _ _  _ _ _ _ _  _ _ __ 

o.  o 
4.  8 


36 

ia  5 


Other  natural  gases _ 3.8-6.a| _ !  13-17 

Bemine . .  1.1  ! . . . 

Gasoline . .  1.  4  j_ . .  7.  6 

Naphtha.- . . . j  0.8  __ - 

Kerosinc . . j  .7 

Cca!  gas .  ...  5.  3  j . 

Coke-oven  gas.  . .  4.  4  ■ . 

Blast  furnace  gas _  35  . . 

Producer  gas.  .  _  17  20-35 

Oil  gas. .  . . I  4.  7  |. 


I 


32 
34 
74 
70 

33 


70 


12.  0 

i  l.  o’ 

115 


14.  4 

14.  4 

14.  4 


1  70-80 


Table  46. — Limits  of  flammability  in  nitrous  and 

nitric  oxides 

Nitrous 

oxide 

1 

1 

1 

Nitric  oxide 

i 

Lower  limit 

Higher  limit 

Ixtwer  limit 

Higher  limit 

Hvctrottw  _  _  - .  _ _  -  -  _ . . 

5.2 

80 

13.5  1 

49 

Ammonia  . . .  .......  . . . . . 

2.2 

72 

Hvdrogen  sulfide  . .  . .... _  _ 

20 

55 

t 

52 

4.5 

59 

19 

84 

31 

48 

Methane. . . 

2.2 

3S 

........  9 

22 

Butane _ _ 

2.5 

20 

.1  7.5 

12.5 

Kthvlcne .  . 

1.  9 

5 

40 

35 

1.  45 

■ 

29 

1 

Cyclopropane  . 

1  6 

30 

F.thvl  ether 

1  5 

24 

Vinyl  ether 

1  4 

i 

25 

Me{hv|  chloride 

5 

Kthvl  chloride 

2.  0 

33 

I  I  i  i 
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